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CHAPTER 1. INTRODUCTION 
The phase out of chlorofluorcarbon (CFC) refrigerants, as required by the Mon­
treal protocol, has significantly affected the refrigeration industry. Current mandates 
require that no new refrigeration equipment utilize CFCs after 1996. The search to 
find a suitable replacement for CFC-12, a commonly used refrigerant, has centered 
on refrigerant HFC-134a. The thermodynamic properties of HFC-134a are similar 
to those of CFC-12 making it an ideal replacement. In addition, HFC-134a has no 
potential to deplete the ozone and therefore can be considered a replacement for 
CFC-12. 
Studies performed with HFC-134a have shown it is a viable option to replace 
CFC-12. Specifically, after overcoming a number of initial problems, refrigeration 
systems using HFC-134a have been developed and operated with no significant trou­
bles [1]. The study presented herein, sponsored by the American Society of Heating 
Refrigerating and Air-Conditioning Engineers (ASHRAE), focused on obtaining ex­
perimental design data for evaporators and condensers that utilize HFC-134a. This 
study goes beyond other recent studies of HFC-134a [2] in that the data base for 
HFC-134a is extended to include a particular kind of internally finned tube, called 
a micro-fin tube, which is commonly used in the refrigeration and air-conditioning 
industry. A second aspect of the study is to determine the effect that circulating 
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lubricants have on the performance of HFC-134a. This chapter contains background 
information, objectives, and a description of the research program. 
Background 
Micro-fin tubes have shown promise as a possible avenue for increasing the per­
formance of the refrigerant side of evaporators and condensers. Recent advancements 
in air-side technology have increased the benefits that can be gained by using micro-
fin tubes. Specifically, micro-fin tubes have the advantage of increasing heat transfer 
coefficients with relatively small increases in pressure drops. Micro-fin tubes have 
numerous small fins on the inner surface (i.e., the refrigerant side) that spiral down 
the tube. Studies have been performed with pure refrigerants to determine opti­
mum configurations of micro-fin tubes [4]. This study focuses on two such optimized 
micro-fin tubes, and, hence, the effect of geometrical parameters are not considered. 
The second aspect addressed in this study is the effect that circulating lubricants 
have on the performance of refrigerants in both smooth tubes and micro-fin tubes. 
The effect of circulating lubricants is important because typical refrigeration systems 
circulate some lubricant from the compressor though the evaporator and condenser. 
Research has shown that this circulating lubricant can affect the performance of the 
refrigerant in the evaporator and condenser [5]. However, steps can be taken to reduce 
the amount of lubricant circulating through the system by incorporating an oil sepa­
rator. Many of the smaller systems, which are limited by size and price constraints, 
do not incorporate oil separators and can have circulating lubricant concentrations 
as high as 5% in the system. 
A significant problem associated with the design and implementation of HFC-
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134a was the search for compatible lubricants. The common lubricants used with 
CFC-12, HCFC-22, and CFC-113 are not miscible with HFC-134a. Initial investiga­
tions found that polyalkylene glycol lubricants (PAG) were miscible with HFC-134a. 
However, they were not ideal lubricants for refrigeration systems because of their 
affinity for water, which can damage the long term reliability of refrigeration system. 
Additional studies found that ester-type lubricants, were also miscible with HFC-
134a. The ester-type lubricants do not have a high affinity for water, and, therefore, 
do not face the same problems associated with the PAG lubricants. Due to the pop­
ularity of ester lubricants, this study focused on the performance of HFC-134a and 
two different ester lubricant types. 
Research Program 
The research program whose results are reported herein was an ASHRAE spon­
sored research project designated RP-630. The objective of the study is to expand 
the current data base to include performance data for evaporation and condensation 
of HFC-134a/lubricant mixtures in smooth and augmented tubes. This is important 
because HFC-134a is currently the refrigerant of choice to replace CFC-12 which is 
used in many refrigeration applications. Baseline data were also obtained for CFC-
12, which gives the designer a first hand comparison of the performance of HFC-134a 
relative to CFC-12. The project has two broad goals, first measure the evaporation 
and condensation performance of HFC-134a and CFC-12 with lubricant mixtures 
in smooth and micro-fin tubes and second create design equations that aid in the 
implementation of HFC-134a. 
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Scope 
Average heat transfer coefficients and pressure drops were measured during evap­
oration and condensation of pure HFC-134a and pure CFC-12 in a smooth tube and 
micro-fin tube. Miscible lubricants were then added to each refrigerant in order to de­
termine their effects on evaporation and condensation performance of the refrigerant. 
For HFC-134a, two different ester-type lubricants were used, the first ester included 
a 169 SUS and a 369 SUS lubricant, while the second ester was tested as a 150 SUS 
lubricant. The lubricant selected for CFC-12 was naphthenic oil with viscosities of 
150 SUS and 300 SUS. Lubricant concentrations for all cases tested ranged from 0% 
to 5.0%. 
The test tubes were horizontally mounted tubes with outside diameters of 9.52 
mm and 12.7 mm. The 3.67-m long test tubes were surrounded by a larger diameter 
tube, also 3.67-m long, in which water flows to heat or cool the refrigerant during 
testing. The smooth tubes tested had inside diameters of 8.00 mm and 11.1 mm. Two 
different diameter standard-production micro-fin tubes were tested to ensure that 
conclusions drawn from this research were as broadly based as possible. The micro-
fin tubes were similar in their geometric construction but of two different diameters. 
The 9.52 mm outside diameter micro-fin tube had 60 fins with a fin height of 0.2 mm 
and a 17° spiral angle. The second micro-fin tube with a 12.7 mm outside diameter 
had 60 fins with a fin height of 0.2 mm and a 17° spiral angle. 
Convective heat transfer coefficients were measured in a single test section and 
the average heat transfer coefficients over the length of the tube are reported. The 
pressure drops were also measured over the whole length of the test tube. Mea­
surements were taken for a mass fiux range of 80 kg/m^-s to 375 kglm^-s . For 
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evaporation, the inlet quality was 8% to 15% and the outlet quality was 80% to 85%, 
while condensation had an inlet quality of 80% to 85% and outlet quality of 8% to 
15%. The heat transfer coefficients and pressure drops were measured at an average 
saturation temperature of 0 °C for evaporation and 40 °C for condensation. 
The final phase of the study was to construct design equations that predict 
the experimentally determined heat transfer coefficients and pressure drops. Heat 
transfer coefficient and pressure drop correlations are available from the literature 
for smooth tubes and pure refrigerants. These smooth tube correlations are used 
as the starting point for correlating the results of this study. Specifically, the heat 
transfer coefficients and pressure drops of the refrigerant/lubricant mixtures in the 
smooth tube and micro-fin tube are divided by the pure refrigerant smooth tube 
results to form a heat transfer enhancement factor or pressure drop penalty factor. 
The enhancement factors or penalty factors are then correlated against important 
parameters such as lubricant concentration and mass flux. The enhancement factor 
when multiplied by a smooth tube correlation can be used to describe the performance 
of refrigerant/lubricant mixtures in either the smooth tube or micro-fin tube. 
Refrigerants of interest 
HFC-134a is considered a design alternative for CFC-12. The thermodynamic 
and transport properties of HFC-134a are similar to CFC-12, making it ideal as a 
design alternative for applications where CFC-12 is currently used. HFC-134a also 
meets current regulations on ozone depletion potential. In order to facilitate an 
accurate comparison of the HFC-134a and CFC-12, baseline data are also obtained 
for CFC-12. 
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Lubricants of interest 
It was difficult to decide which lubricants should be tested with HFC-134a. The 
desire was to select the lubricants which would be used in refrigeration and air-
conditioning industry. Initially, interest was shown in polyalkylene glycol lubricants. 
Implementation of a PAG in refrigeration systems was found to be difficult because 
of the PAG'S affinity for water. An alternative lubricant was proposed, namely the 
ester-type lubricants, which solved many problems faced by the PAG lubricants. As 
the project started, interest in the ester lubricants peaked. The consensus of industry 
representatives was that ester lubricants would be used by most manufactures. Based 
on these trends it was decided to use ester-type lubricants in this project. 
Two ester-type lubricants were selected to test with HFC-134a. The first ester 
type is a penta erythritol ester mixed-acid (ester-m). The second ester, supplied by 
a different manufacturer, is a penta erythritol ester branched-acid (ester-b). These 
ester lubricants were miscible with HFC-134a over the whole range of conditions 
tested in this study. A naphthenic lubricant commonly used in industry was selected 
for use with CFC-12. The naphthenic lubricant was also soluble with CFC-12 over 
the whole range of conditions tested. 
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CHAPTER 2. LITERATURE REVIEW 
The literature review given in this chapter focuses on previous studies deal­
ing with two-phase flow of refrigerants and refrigerant/lubricant mixtures in smooth 
tubes and internally enhanced tubes (i.e., micro-fin tubes). Correlations for heat 
transfer and pressure drop of refrigerants in smooth tubes are also reviewed. The 
goal is to identify specific trends cited by previous investigators. In later chapters, 
theses trends are compared to the results obtained from the present investigation. 
The literature review is broken into four main sections; HFC-134a performance, 
refrigerant/lubricant mixtures in smooth tubes, in micro-fin tubes, and correlations 
for smooth tube heat transfer coefficients and pressure drops. HFC-134a, being the 
refrigerant of interest in this study, is reviewed first. Due to the limited number 
of studies available in literature for HFC-134a, the review was expanded in later 
sections to include different refrigerants such as CFC-12, HCFC-22, and CFC-113. 
Correlations for predicting two-phase heat transfer coefficients and pressure drops of 
pure refrigerants are also reviewed. In later chapters, these correlations are compared 
to the measured heat transfer coefficients and pressure drops to determine which 
correlations are most accurate. The correlations that prove most accurate are then 
used as a starting point for developing design correlations. 
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HFC-134a Studies 
Five studies were found that dealt with heat transfer and pressure drop charac­
teristic of HFC-134a. Hambraeus [6] reported evaporation heat transfer coefficients 
for pure HFC-134a and mixtures of HFC-134a and a synthetic oil. The heat transfer 
coefficients were measured in an electrically heated smooth tube. The mass flux range 
tested was from 60 kgjm^'S to 200 kgfrn^-s in a 12-mm outside diameter tube. Ham­
braeus reported that the measured heat transfer coefficients for pure HFC-134a were 
higher than those measured for HCFC-22 when compared at the same mass flux and 
heat flux. Hambraeus also reported evaporation heat transfer coefficients for mix­
tures of HFC-134a and an ester lubricant over a 0.0% to 2.5% lubricant concentration 
range. The effect of the lubricant was very dependent on the heat flux applied to the 
tube. Below 4 kW/m^, the heat transfer coefficients increased with the addition of 
lubricant. Above 6 kWjrn^, the addition of lubricant decreased the evaporation heat 
transfer coefficient for all lubricant concentrations tested. For example, at a 2.0% 
lubricant concentration the average heat transfer coefficient decreased by about 20% 
when heat fluxes of 4 kWlm^, 6 kW/rnP', and 8 kW/m^ were applied to the tube. 
Eckels and Pate [7] compared the evaporation and condensation heat transfer 
coefficients of pure HFC-134a and CFC-12 in a smooth tube. Average heat transfer 
coefficients were determined in a 3.66 m long, 9.52-mm outside diameter tube over a 
mass flux range of 125 kgfm^-s to 400 kglm^-s . The average evaporation heat transfer 
coefficients for HFC-134a were found to be about 30% to 40% higher than those of 
CFC-12 when compared at equivalent mass fluxes and equivalent quality changes 
across the tube. Condensation heat transfer coefficients were reported to be 25% to 
35% higher for HFC-134a compared to CFC-12 under conditions of similar mass flux 
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and quality change. Eckels [8] also reported evaporation and condensation pressure 
drops for HFC-134a and CFC-12 measured in the same smooth tube. Evaporation 
pressure drops for pure HFC-134a were reported to be 20% to 40% higher than those 
of CFC-12 at the same mass flux. A comparison of the condensation pressure drops 
showed 30% to 40% higher values for HFC-134a. 
Eckels and Pate [2] reported the effect of 0% to 5% concentrations of a 150 SUS 
polyalkylene glycol (PAG) on the average heat transfer of HFC-134a. The average 
heat transfer coefficients were determined in a 3.66 m long, 9.52-mm outside diam­
eter tube over a mass flux range of 125 to 400 kg/m^'S . Evaporation 
heat transfer coefficients of the HFC-134a/PAG mixture were increased by about 
10% at lubricant concentrations of 1.2% and 2.4%, while at a 5.5% lubricant concen­
tration, the evaporation heat transfer coefficients were about 50% lower than those 
of the pure refrigerant. Average condensation heat transfer coefficients were shown 
to always decrease with the addition of lubricant. For example, a 10% reduction 
in heat transfer coefficients was found at a 5.5% lubricant concentration. Eckels [8] 
also reported pressure drops for the HFC-134a/PAG mixture. Evaporation pressure 
drops increased with lubricant concentrations. At a 5.5% lubricant concentration, 
the evaporation pressure drops were increased by 50% to 110% compared to the pure 
refrigerant results. Condensation pressure drops were also reported to be increased 
by 10% to 40% over the range of lubricant concentrations tested. The results reported 
by Eckels and Pate did not account for the effect of lubricant concentration on the 
condensation heat transfer coefficients. 
Fukushima and Kudou [9] studied the effect of a PAG on the local evaporation 
heat transfer coefficients and pressure drops of HFC-134a. Evaporation tests were 
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performed in a 1.6 m long by 5.5-mm outside diameter tube that was direct elec­
trically heated. Fukushima and Kudou reported slight increases in evaporation heat 
transfer coefficients at low qualities over the 0% to 10% lubricant concentration range 
tested. At the higher qualities, the heat transfer coefficients were shown to always 
degrade with the addition of lubricant. They also measured the average heat transfer 
coefficient for the refrigerant/lubricant mixture. At a 10% lubricant concentration, 
average heat transfer coefficients were decreased by 10%. Evaporation pressure drops 
for HFC-134a were shown to increase linearly with lubricant concentration with ap­
proximately a 120% increase at a 10% lubricant concentration. 
Fukushima and Kudou [9] also measured semi-local condensation heat transfer 
coefficients in a 4 m long by 6.9-mm outside diameter tube. The semi-local heat 
transfer coefficients were shown to decrease with increased quality for both the pure 
HFC-134a and the HFC-134a/PAG mixture at a mass flux of 400 kg/m^'S . The 
average condensation heat transfer coefficients were reported to decrease by about 
28% at a lubricant concentration of 6%. Condensation pressure drops were shown 
to increase with lubricant concentration, with a 60% increase at a 10% lubricant 
concentration. 
Koops and Azer [10] reported semi-local and average condensation heat transfer 
coefficients for pure HFC-134a and CFC-12 in a smooth tube. The smooth tubes 
tested were 2.4 m long with outside diameters of 19.1-mm and 15.9-mm. A mass 
flux range of 40 kglm^-s to 200 kg/rn^-s was tested. Koops and Azer reported that 
the condensation heat transfer coefficients for HFC-134a were approximately 18% to 
24% higher than those for CFC-12 at the same mass flux. The condensation pressure 
drops were shown to be slightly lower for HFC-134a than those for CFC-12. 
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Torikoshi and Kawabata [11] reported average evaporation and condensation 
heat transfer coefficients and pressure drops for HFC-134a and CFC-12 in a smooth 
tube. The authors also investigated the effect of a PAG lubricant on the HFC-134a 
performance. The mass flux in the 9.52-mm outside diameter tube was varied from 
50 kg/m^-s to 200 kg/m^-a . Evaporation and condensation heat transfer coefficients 
for pure HFC-134a were reported to be 25% higher than those for CFC-12 when 
compared at similar mass fluxes and for similar quality changes. They also compared 
the evaporation and condensation pressure drops for pure HFC-134a and CFC-12 
in the smooth tube and found a 0% to 10% increase in HFC-134a pressure drops. 
The effect of lubricant concentration on the smooth tube evaporation performance of 
HFC-134a was to increase heat transfer coefficients at low lubricant concentrations 
and decrease heat transfer coefficients at high lubricant concentrations. For example, 
the authors report a maximum increase of 30% at a 3% lubricant concentration. 
Condensation heat transfer coefficients were shown to be not significantly affected 
by the addition of the PAG lubricant. The failure of the authors to account for 
the effects of solubility is a possible explanation for the condensation results. The 
addition of lubricant increased evaporation pressure drops and showed no significant 
effect on condensation pressure drops. 
Torikoshi and Kawabata [11] also reported micro-fin tube data for HFC-134a/-
PAG mixtures. The micro-fin tube was a 60 fin, 18 ° spiral angel, 9.52-mm outside 
diameter tube. Over the 50 kgjrr^-s to 200 kglm^-s mass flux range tested, evapora­
tion heat transfer coefficients for pure HFC-134a were increased by about 100% over 
smooth tube results, while condensation heat transfer coefficients were increased by 
about 150%. Evaporation pressure drops for pure HFC-134a in the micro-fin tube 
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were slightly increased over those of the smooth tube, while condensation pressure 
drops in the micro-fin tube were increased by about 100% over the smooth tube 
results. The effect of lubricant concentration on the performance of HFC-134a in 
the micro-fin tube was shown to be consistent with that found in the smooth tube. 
Evaporation heat transfer coefficients, evaporation pressure drops, and condensation 
pressure drops were increased over the whole range of lubricant concentrations tested. 
Condensation heat transfer coefficients were reported to decrease with the addition 
of lubricant. 
Refrigerant/Lubricant Mixtures in Smooth Tubes 
As shown in the previous section, the addition of lubricant affects the evaporation 
and condensation heat transfer coefficients and pressure drops of HFC-134a in both 
smooth tubes and micro-fin tubes. In this section, the literature review is expanded to 
include the performance of other refrigerant/lubricant mixtures in smooth tubes. The 
focus is placed on refrigerants CFC-12 and HCFC-22 because they are the refrigerants 
against which the performance of HFC-134a is judged. A comprehensive review of 
evaporation and condensation of refrigerant/lubricant mixtures in smooth tubes was 
previously published by Schlager et al. [12]. Many pertinent studies reviewed by 
Schlager for smooth tubes are also given here. In addition, recent studies published 
since Schlager's review are also included. 
Evaporation heat transfer coefficients 
Worsoe-Schmidt [13] obtained local heat transfer coefficients for CFC-12/mineral 
oil mixtures over a 0% to 10% range of oil concentrations. Worsoe-Schmidt found that 
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at low qualities the heat transfer coefficients were enhanced, while at high qualities 
a degradation of heat transfer occurred. For example, at a 1.9% oil concentration 
the heat transfer coefficients were enhanced by about 50% over the pure refrigerant 
results in the 25% to 75% quality range. At qualities above 75%, the heat transfer 
coefficients of the mixture fell below those of the pure refrigerant. 
Green and Furse [14] measured local heat transfer coefficients for mixtures of 
CFC-12 and a mineral oil in a short electrically heated test section. Mineral oil con­
centrations were varied from 0% to 7.8% in the refrigerant mixture. The heat transfer 
coefficients were augmented over the range of conditions studied. The maximum in­
crease in the local heat transfer coefficients was about 80% at a 4% oil concentration. 
The quality range and heat fluxes used were hard to determine from the data pre­
sented. 
Malek [15] investigated evaporation heat transfer coefficients for CFC-12/oil mix­
tures. The heat transfer coefficients reported appear to be strongly dependent on heat 
flux. The maximum enhancement in heat transfer coefficients is about 15% for a 2% 
oil concentration and a heat flux of 5 kW/rn^. At higher oil concentrations and 
heat fluxes, the heat transfer coefficients were degraded as compared to the pure 
refrigerant results. 
Hughes et al. [16] studied mixtures of CFC-12 and a mineral oil in a horizontal 
smooth tube. Oil concentrations of 0.0%, 3%, and 6.8% were tested. Although it 
is hard to draw specific conclusions, the results showed increased local heat transfer 
coefficients over some quality range for all refrigerant/lubricant mixtures. The heat 
transfer coefficients appeared to be augmented at qualities above 50%. 
Tichy et al. [17] measured local heat transfer coefficients for CFC-12/naphthenic 
14 
oil mixtures with lubricant concentrations ranging from 0.0% to 5%. For the annular 
flow regime, the heat transfer coefRcients were augmented at all oil concentrations. 
In some flow regimes, the heat transfer coefRcients were degraded due to the presence 
of the oil. 
Zimmermann [18, 19] presented heat transfer coefRcients for mixtures of HCFC-
22 and a half-synthetic lubricant. An increase of 10% in the average evaporation heat 
transfer coefficients was found at a 2% oil concentration. 
Schlager et al. [5] investigated average heat transfer coefRcients of HCFC-
22/naphthenic oil mixtures in a 9.52-mm outside diameter tube. A 150 SUS and 
300 SUS naphthenic oil were tested with lubricant concentrations ranging from 0.0% 
to 5.0%. For the 150 SUS oil, enhancement of the average heat transfer coefficient 
occurred over the whole range of oil concentrations tested. For example, at a 1.2% 
oil concentration, the heat transfer coefRcients were increased by about 35%, while 
at a 5.0% oil concentration, the heat transfer coefficients were 15% higher than the 
results for the pure refrigerants. The 300 SUS oil showed enhanced heat transfer at 
the low oil concentrations, about 5% at a 1.2% oil concentration, but at a higher 
oil concentration of 5.0%, degradation in the heat transfer coefficients of about 20% 
were observed. 
Eckels and Pate [2] reported average evaporation heat transfer coefRcients for 
mixtures of CFC-12 and a 150 SUS naphthenic oil in a 9.52-mm outside diameter 
tube. The average heat transfer coefRcients were determined at lubricant concentra­
tions ranging from 0% to 5.4% for a mass flux range of 125 kgfm^-s to 400 kgjrn^-s . 
The addition of the lubricant was shown to increase heat transfer coefficients at the 
low lubricant concentrations and significantly decrease heat transfer at higher lubri­
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cant concentrations. For example, at lubricant concentrations of 1.2% and 2.4%, a 
0% to 10% increase was measured, while at a 5% lubricant concentration, a 40% 
decrease in the heat transfer coefficient was reported. 
Manwell and Bergles [20] looked at flow patterns of CFC-12 and a 150 SUS 
naphthenic oil by using still photography. It was noted that in a smooth tube the 
additions of oil increased foaming of the refrigerant/lubricant mixture. This foam­
ing, in turn, increased the amount of liquid refrigerant wetting the refrigerant wall. 
Since heat transfer coefficients are generally higher for wetted refrigerant walls, the 
foaming of the refrigerant/lubricant mixture is a possible explanation for enhanced 
heat transfer due to the addition of oil. 
In summary, the enhancement of evaporation heat transfer coefficients due to 
the presence of small amounts of lubricant is probably due to increased wetting of 
the walls or promotion of annular flow in tubes. A majority of the investigations 
cited reported some range of enhancement in evaporation heat transfer coefficients. 
The range of lubricant concentrations over which the heat transfer coefficients are 
enhanced is difficult to state precisely due to wide range of conditions studied. Degra­
dation in the heat transfer coefficients at higher lubricant concentrations is possibly 
due to the increased viscosity of the refrigerant/lubricant mixture. 
Evaporation pressure drops 
Pierre [21] studied the evaporation pressure drops of CFC-12/oil mixtures. Tests 
were conducted with relatively pure refrigerants and with refrigerant/lubricant mix­
tures ranging in concentration from 5% to 10% oil. Evaporation pressure drops were 
shown to be approximately doubled at lubricant concentrations of 5% to 10%. 
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Hughes et al. [22] reported evaporation pressure drops of CFC-12/mineral oil 
mixtures in a smooth tube. The increase in the pressure drop was nearly linear 
as the oil concentration was increased. Specific results showed that at a 12% oil 
concentration the pressure drop was increased by 100%. 
Tichy et al. [23] reported increases in evaporation pressure drops for mixtures 
of CFC-12 and a 300 SUS naphthenic oil in a horizontal smooth tube. Specifically, 
at a 2% oil concentration, the pressure drop increased by 63%, while at a 5% oil 
concentration, an 86% increase in pressure drop was measured. Tichy theorized that 
additional wall wetting enhanced the viscous effects of the oil, thus increasing pressure 
drop. 
In a series of recent studies, Schlager [3] reported evaporation pressure drops 
of HCFC-22 mixed with a 150 SUS and a 300 SUS naphthenic oil. Lubricant con­
centrations ranged from pure refrigerant to 5.0%. The evaporation pressure drops 
were generally shown to increase with the addition of oil. For example, at a 5% oil 
concentration, the pressure drop increased by 25% to 35% for the 150 SUS oil and 
by 30% to 45% for the 300 SUS oil. 
Eckels [8] reported evaporation pressure drops for mixtures of CFC-12 and a 
150 SUS naphthenic oil. The lubricant concentration ranged from 0% to 5.4% in 
the 9.52-mm outside diameter tube. The evaporation pressure drop was reported to 
increase approximately linearly with lubricant concentration. At the highest lubricant 
concentration tested of 5.4%, an 80% to 90% increase was reported. 
The studies cited in this section are in agreement that the evaporation pressure 
drops are increased by the addition of lubricant. The increase in evaporation pressure 
drop is possibly due to a change in the flow patterns caused by the addition of oil. As 
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mentioned earlier, the oil tends to cause foaming of the refrigerant/oil mixture, which 
promotes the annular flow regime over the stratified flow. The increased viscosity of 
the refrigerant/lubricant mixture is also a major factor. 
Condensation heat transfer coefficients 
Tichy et al. [24] looked at condensation heat transfer coefficients of CFC-12/oil 
mixtures at lubricant concentrations of 2% and 5%. They reported decreased con­
densation heat transfer coefficients for all conditions tested. For example, at a 2% 
oil concentration the heat transfer coefficients were decreased by 10%, while at a 5% 
oil concentration a 23% reduction was measured. They suggested that the increased 
viscosity of the refrigerant/lubricant mixture dampened the molecular turbulence in 
the condensate layer thus reducing the heat transfer coefficient. 
Sur and Azer [64] reported condensation heat transfer coefficients for mixtures of 
CFC-113 and a 150 SUS naphthenic lubricant. They tested three smooth tubes with 
inner diameters of 12.7-mm, 15.88-mm, and 17.91-mm over a mass flux range of 30 
kgjrn^'S to 90 kgjrn^'S . They reported reductions in the condensation heat transfer 
coefficients for all lubricant concentrations tested. For example, at 4.0% lubricant 
concentration, the heat transfer coefficients were reduced by 16% over those for the 
pure refrigerant. 
Schlager et al. [5] also reported condensation heat transfer coefficients for mix­
tures of HCFC-22 and a naphthenic oil. The 150 SUS and 300 SUS oils tested always 
showed a decreased heat transfer coefficient as compared to the pure refrigerant. For 
example, the 150 SUS oil and 300 SUS oil decreased the heat transfer coefficients 
by about 10% to 14% at a 5.0% lubricant concentration. Schlager attributed the 
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similarity in the 150 SUS and 300 SUS oil results to the relatively small oil concen­
trations tested. At the small lubricant concentrations tested, the viscosity of the 
refrigerant/oil mixtures were estimated to be within 10% for the 150 SUS and the 
300 SUS oil. 
Eckels and Pate [2] reported condensation heat transfer coefficients for mixtures 
of CFC-12 and a 150 SUS naphthenic oil. Over the lubricant concentration range 
tested of 0% to 5.4%, the average condensation heat transfer coefficients were shown 
to always decrease. At the highest lubricant concentration of 5.4%, a 10% reduction 
in heat transfer coefficients was measured. 
Condensation pressure drops 
The four studies reviewed in the previous section also reported condensation 
pressure drops of the refrigerant/lubricant mixtures. Tichy et al. [23] reported that 
for CFC-12/oil mixtures the pressure gradient increased by about 2% at a 2% oil 
concentration and increased by about 5% to 6% at a 5% oil concentration. Sur and 
Azer [64] reported that the presence of lubricant had no effect on the condensation 
pressure drops of CFC-113/naphthenic oil mixtures. Eckels [8] also reported no signif­
icant effect of lubricant concentration on condensation pressure drops with mixtures 
of CFC-12 and a 150 SUS naphthenic oil. 
Schlager et al. [3] reported condensation pressure drops for HCFC-22 and mix­
tures of a 150 SUS or 300 SUS naphthenic oil. In general, the pressure drops were 
reported to decrease for both the 150 SUS and 300 SUS oils. For example, addi­
tions of the 150 SUS oil decreased the pressure drops by 40%, while the 300 SUS 
oil showed only minor decreases in pressure drop. Schlager attributed the decreased 
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pressure drop to shifts in the flow regimes. Due to a lack of a large data base, general 
conclusions are hard to determine, but pressure drops seem to be dependent on the 
refrigerant/lubricant combination tested. 
Micro-Fin Tubes 
Heat transfer and pressure drop in micro-fin tubes have been studied extensively 
for HCFC-22 and CFC-113 and to a lesser degree for CFC-12. Even though it is not 
used as a working fluid, the results of past studies with CFC-113 are important in 
understanding fundamental phenomena. CFC-113 was a popular choice in these past 
fundamental studies with micro-fin tubes because its relatively low vapor pressure 
makes it ideally suited for laboratory research use. In the following sections, pure 
refrigerant results with micro-fin tubes and refrigerant/lubricant mixtures in micro-
fin tubes are reviewed. 
Results reported in the literature for micro-fin tubes are mostly in the form of 
heat transfer enhancement factors and pressure drop penalty factors. Heat transfer 
enhancement factors are defined as heat transfer coefficients for the micro-fin tube 
divided by the heat transfer coefficients for the smooth tube at the same mass flux. 
Pressure drop penalty is defined similarly in that it is the pressure drop of the micro-
fin tube divided by the pressure drop of the smooth tube at the same mass flux. 
Pure refrigerants in micro-fin tubes 
An extensive literature search on micro-fin tubes and other forms of in-tube en­
hancement was reported by Schlager et al. [66]. They concluded that of all the forms 
of in-tube enhancement studied, the micro-fin tube showed the largest increases in 
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heat transfer enhancement relative to the increase in pressure drop enhancement (re­
ferred to as pressure drop penalty). This relative increase in heat transfer compared 
to pressure drop for the micro-fin tube is the primary reason that micro-fin tubes 
are being utilized in refrigerating and air-conditioning applications. For evaporation, 
a survey by Schlager et al. of six publications, which represented a large range of 
micro-fin tube geometries, showed that heat transfer enhancement factors typically 
vary from 1.3 to 2.0, while pressure drop penalty factors for the micro-fin tube were 
significantly less. For condensation, Schlager et al. reviewed three publications that 
showed heat transfer enhancement factors ranging in value from 1.6 to 2.0. Again, 
pressure drop increases were described as either slight or very little. 
Since Schlager et al. [5] published their survey of micro-fin tube literature, a 
number of additional studies on micro-fin tubes have been published. Khanpara et 
al. [25] studied micro-fin tubes during evaporation of CFC-113 in both electrically 
heated tubes (3.8 m long) and fluid-heated tubes (1.0 m long). They observed that 
for electrically heated tubes, which provided local heat transfer coefficients, the heat 
transfer enhancement factor for the micro-fin tube varied from 1.18 to 2.72, depending 
on heat flux and mass flux. In contrast, the maximum increase in pressure drop was 
about 30%, which corresponds to a pressure drop penalty factor of 1.3. The heat 
transfer coefficients for the micro-fin tube were comparable for fluid and electrical 
heating. However, for a smooth tube tested under similar conditions, differences of 
as much as 20% to 50%, with the electrical heating values being higher, were observed. 
Khanpara et al. [26] compared the evaporation performance of an electrically 
heated micro-fin tube operating with refrigerants CFC-113 and HCFC-22. This com­
parison was important because laboratory tests are often performed with CFC-113, 
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while many air-conditioning systems operate with HCFC-22. For both test fluids, 
heat transfer enhancement factors decreased with increasing mass flux. In addition, 
the enhancement factors for HCFC-22 (ranging from 1.2 to 1.7) were less than the 
enhancement factors for CFC-113 (ranging from 1.3 to 2.2). 
Reid et al. [27] used CFC-113 to compare the evaporation performance of an 
electrically heated micro-fin tube to the performance of several other types of en­
hanced tubes. The heat transfer enhancement factors for the micro-fin tube varied 
from 1.3 to 1.7, while comparable values were also observed for a low-fin tube (21 fins 
compared to 65 fins for the micro-fin tube). However, the difference in the perfor­
mance of the two tubes was especially evident in the pressure drop penalty factors, 
which were twice as large for the low-fin tube-1.3 for the micro-fin tube compared to 
2.6 for the low-fin tube. 
The performance of different micro-fin tube geometries during evaporation and 
condensation of HCFC-22 was evaluated in several recent studies by Schlager et al. 
[28, 29]. For example, Schlager et al. [28] compared the results of three different 
9.5-mm outside diameter micro-fin tubes, while the results of three different 12.7-mm 
outside diameter tubes were compared in [29]. This latter study also compared the 
heat transfer performance of two tubes of different diameter, 9.5-mm and 12.7-mm, at 
similar mass fluxes. For each tube, an average heat transfer coefficient was obtained 
for a 90% quality change occurring in a 3.7-m long tube. In the first study, the main 
difference between the three 9.5-mm tubes was that the spiral angles were varied, be­
ing 15°, 18°, and 25°. The heat transfer enhancement factors varied from 1.4 to 1.9, 
while pressure drop penalty factors varied from 1.0 to 1.4. The performance of the 
three tubes was similar, falling within the band of experimental uncertainties. How­
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ever, the tube with a 25° spiral angle appeared to be slightly better for evaporation 
and the 18° spiral angle tube was slightly better for condensation. 
The second study by Schlager et al. [29], for the 12.7-mm-diameter tube, pro­
duced results that were similar to those for the smaller 9.5-mm-diameter tube. In 
fact, a general conclusion made is that enhancement factors measured for one partic­
ular diameter might then be applied to other diameters. Another observation made 
was that the heat transfer enhancement factors exceeded the area ratios (the ratio of 
the micro-fin tube's surface area to the area of a smooth tube of equivalent diame­
ter), which varied from 1.38 to 1.55, for nearly all test conditions. Interestingly, as 
the mass flux was increased, the heat transfer enhancement factor values approached 
the area ratio. A possible explanation is that at high mass fluxes, the enhancement 
in heat transfer with the micro-fin tube is due to the increase in the area, with the 
turbulence being so high that additional disturbances caused by the fins do not sig­
nificantly add to the heat transfer. In contrast, at low flow rates, the presence of the 
fins causes large disturbances in the flow, which, in turn, results in significant heat 
transfer enhancement over that caused by the area increase. 
In Schlager et al. [30], micro-fin tube performance was reported for HCFC-22 and 
mixtures of HCFC-22 and an naphthenic oil. The micro-fin tube tested had an 18° 
spiral angle, 60 fins, and a 0.2 mm fin height. They found that for pure refrigerants the 
heat transfer enhancement factor ranged from 2.4 to 1.8 for evaporation, with higher 
values occurring at the lower flow rates. Condensation heat transfer enhancement 
factors ranged from 2.3 to 1.8, again with the higher values occurring at the lower 
flow rates. Schlager [3] also reported pressure drops penalty factors for the above 
mentioned micro-fin tube. Evaporation penalty factors ranged from 1.2 to 1.3, while 
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condensation penalty factors ranged from 1.0 to 1.8. 
Insight into how micro-fin tubes improve heat transfer was provided by Manwell 
and Bergles [20]. Specifically, they investigated flow patterns in micro-fin tubes by 
using still photography to record typical flow patterns. By comparing flow-pattern 
maps for a smooth tube with photographs of a micro-fin tube, they concluded that 
the presence of the spiral flow reduces the stratified flow region. In other words, at 
low flow rates, where stratified flow might otherwise occur, the spiraled fins cause the 
upper surface to be wetted, thus producing a thin liquid film on the grooved wall. 
Since this upper wall is dry in a smooth tube during stratified flow, the presence 
of the liquid film enhances heat transfer. This observation is consistent with the 
results of experimental studies [28, 29, 30] which showed that enhancement factors 
for micro-fin tubes are much higher at low flow rates. 
Effect of Lubricant on Micro-Fin Tube Performance 
A series of papers [30, 31, 3] resulting from an ASHRAE-sponsored research 
project (RP-469) dealt with heat transfer and pressure drop of HCFC-22 and oil 
mixtures in both smooth and micro-fin tubes. The heat transfer data reported in 
each case was for a 3.67 m long by 9.52-mm outside diameter tube, with the quality 
varying from 15% to 85% from the inlet to exit (or from 85% to 15% for condensation 
studies). The micro-fin tube tested had an 18 spiral angle, 60 fins, a fin height of 0.2 
mm (.008 in), and an area ratio of 1.5. 
The performance of the micro-fin tube described above was first evaluated for 
a mixture of HCFC-22 and a naphthenic oil with a viscosity of 150 SUS [30]. Small 
quantities of the lubricant, about 1.5%, increased the evaporation heat transfer coef­
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ficient by about 11%. This enhancement decreased as the mass flux increased and as 
additional oil was added. For condensation, oil addition decreased the heat transfer 
coefficient in the micro-fin tube by as much as 16%. 
The results of oil viscosity effects on heat transfer in a micro-fin tube were also 
reported [31]. Unlike the 150 SUS oil discussed in the previous paragraph, the higher 
viscosity 300 SUS naphthenic oil did not enhance heat transfer coefficients during 
evaporation. Rather, heat transfer coefficients decreased for all oil concentrations, 
with the maximum decrease being 30% at a 5% oil concentration. For condensation, 
the micro-fin tube performance was similar for both oil viscosities. 
The effect of lubricant concentration on the pressure drop of HCFC-22 in the 
micro-fin tube were also reported [3]. The study used both a 150 SUS and 300 SUS 
naphthenic oil. The evaporation pressure drops in the micro-fin tube were increased 
with the addition of either lubricant and the higher viscosity lubricant caused larger 
increases in the evaporation pressure drop. At a 5% lubricant concentration, 10% 
to 40% increases in pressure drop were measured. Condensation pressure drops in 
the micro-fin tube were also reported to increase with the addition of lubricant. The 
higher viscosity lubricant was also shown to have a larger increase in condensation 
pressure drop. At a 5% lubricant concentration, the increases ranged from 0% to 
40%. 
Ha and Bergles [35] reported local heat transfer coefficients in a micro-fin tube 
for mixtures of CFC-12 and a 150 SUS lubricant. The tests were conducted over a 
mass flux range of 25 kg/m^'S to 100 kg/m^'S in a 9.5-mm outside diameter tube. 
The addition of lubricant degraded the local heat transfer coefficients over the 1% 
to 5% lubricant concentration range tested. The only enhancement in heat transfer 
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coefficients due to the addition of lubricant occurred at very low qualities. They also 
noted that as the mass flux increased the effect of the lubricant decreased. 
Manwell and Bergles [20] published results of a flow pattern study with CFC-
12/lubricant mixtures in smooth tubes and micro-fin tubes. The study showed that 
the increased evaporation heat transfer coefficients for the micro-fin tube with pure 
refrigerants is most likely due to increased wall wetting over that observed with 
the smooth tubes. For refrigerant/lubricant mixtures, the increased heat transfer 
coefficients are most likely due to the foaming which increases wall wetting in both 
the smooth tube and micro-fin tube. 
Correlations 
Evaporator and condenser sizing requires a knowledge of refrigerant-side heat 
transfer coefficients and pressure drops. If experimental data are not available over 
the whole range of conditions encountered in a refrigeration system, then correlations 
must be used to predict the heat transfer coefficients and pressure drops. Due to the 
complicated nature of two-phase flow, no purely theoretical solutions are available to 
predict the performance over the whole range of conditions found in refrigeration sys­
tems. The typical approach is to develop a semi-empirical correlation which identifies 
important parameters and curve-fits constants in the correlation to the experimental 
data. The data base used in developing a correlations is an important consideration 
when applying these correlations to new refrigerants such as HFC-134a. Correlations 
developed from a broad range of refrigerants may have a better chance of predicting 
performance of newer refrigerants. In this light, the correlation reviews given in the 
following sections also discuss the data bases used to develop each correlation. 
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The correlations reviewed in the following sections have a wide range of param­
eters and subscripts that are required to accurately describe the correlations. The 
correlations are all listed with a consistent set of subscripts which helps to keep the 
definition of variables straight. One nondimensional parameter that is important 
over the whole range of correlations reviewed is Reynolds number. The following 
definitions are given for Reynolds number as an example: 
'  f t f  
is the Reynolds number for the liquid portion flowing alone in the tube. Reis the 
Reynolds number for the total flow rate represented as a liquid. 
Reg represents the Reynolds number of the vapor portion as if it were flowing alone 
in the pipe. 
Reg = (2.3) 
l^g 
Rego represents the total flow rate flowing as a vapor. 
Reqo — (2.4) 
^ l^g 
Single-phase heat transfer 
Single-phase heat transfer is an important part of most refrigeration and air-
conditioning system designs. For example, a condenser has superheated vapor enter­
ing and subcooled liquid exiting, while the evaporator has superheated vapor exiting. 
Existing single-phase heat transfer correlations have proven to be very accurate for 
a variety of fluids. 
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Two correlations for single-phase heat transfer of turbulent flow in pipes were 
used, namely, the Dittus-Boelter [36] and the more recent Petukhov-Popov [37] cor­
relations. The Dittus-Boelter correlation is 
Nu = 0.023 • • Pr" (2.5) 
where n=0.4 for cooling and n=0.3 for heating. The Petukhov-Popov correlation is 
more detailed, but it appears to be more accurate for refrigerants [3]. The Petukhov-
Popov [37] correlation is 
" 1.07 + 12j'.''(//8p.'(Pr0.67_i) 
where 
f  = [1.S2 • logioiRe) -  . (2.7) 
Evaporation heat transfer 
Several correlations which have been verified for refrigerants are available for 
predicting evaporation heat transfer coefficients. The accuracy of these correlations 
depends on factors such as the data bank used and the method of development. 
The correlations selected for use in this study all used CFC-12 as either one of the 
base fluids or as the sole fluid during their development. In addition, most of the 
correlations have been verified for a wide variety of refrigerants. The five correlations 
used in this study are by Shah [38], Kandlikar [39], Chaddock and Brunemann [40], 
Jung and Radermacher [41], and Gungor and Winterton [42]. 
Chaddock and Brunemann [40] developed a correlation specifically for évapora-
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tion of CFC-12. This correlation is applicable for a quality range of 20% to 80%. 
h 
Bo X 10^ 4-1.5 
0.6 
(2.8) TP. = 1 Qi Rrt V 1 n4 4-1 K f -i_ 1 
^ f o  
where Bo is the Boiling number and h is defined as 
Il= .023 • Rejj • j (2.9) 
Shah [38] developed a chart correlation for evaporation with 780 data points from 
19 independent researchers. The data bank for the chart correlation included water, 
CFC-11, CFC-12, HCFC-22, and CFC-113. Shah also released this chart correlation 
in equation form to facilitate its use on computers. Kandlikar [39] compared Shah's 
correlation in equation form with 401 data points for CFC-12 and found a mean 
deviation of 34.8%. The Shah correlation in equation form is 
^ (2.10) 
fo 
where his the traditional Dittus-Boelter correlation given by Equation 2.9. The 
parameter $ can be found from equations that are functions of boiling number, Bo, 
and convection number, Co. The value for ^ can be determined from the largest 
value of or in the following: 
= (2-11) 
For N > 1.0 
= 230 • Bo^-^ for Bo > 0.3 x 10"^ (2.12) 
$ ^ 6 =  1 + 4 6 -  Bo^-^ for Bo < 0.3 x 10"^ (2.13) 
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For 0.1 < TV < 1.0 
f . Bo^-^ • exp{2.U • (2.14) 
for N < 0.1 
= Fs • S . exp(2.74 • (2.15) 
where Fs is determined from the following: 
for Bo > 11 X 10"^ then fa = 14.7 (2.16) 
for B o  < 1 1  X  10"^ then F s  = 15.43 (2.17) 
and N can be determined from the following: 
For horizontal tubes with Fry > 0.04; 
N = Go (2.18) 
For horizontal tubes with Fry < 0.04 then, 
N = 0.38 • FrJ^-^ • Co (2.19) 
The non-dimensional numbers, Boiling Number, Convection Number, and Froude 
Number are given as follows. 
Bo = (2.20) 
0.5 
Kandlikar [39] released an evaporation correlation that used one of the largest 
data banks of any correlation. The data bank included 5246 data points from 24 
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separate investigators. Ten fluids were used, with CFC-12 comprising 8% of the 
data. When compared with the refrigerant data, a mean deviation of 18.8% was 
found. For CFC-12, the mean deviation was 23.3%. This correlation has two flow 
regimes, namely, a forced convection region as defined by Co < 0.65, and a nucleate 
boiling region as defined by Co > 0.65. It also has a fluid dependent factor, Fj^i, 
which is applicable to the nucleate boiling regime.The Kandlikar correlation is 
= CI • . ( 25 Fri -f- (73 • Bo^'^ • Ffi (2.23) 
"/o 
where his the Dittus-Boelter correlation given Equation 2.9. The constants in this 
correlation are determined from the following: 
For Co < 0.5 then 
CI = 1.1360 C2 = -0.9 
C3 = 667.2 C4 = 0.7 
C5 = 0.3 
For Co > 0.5 then 
CI = 0.6683 C2 = -0.2 
C3 = 1058 C4 = 0.7 
C5 = 0.3 
if the tube is horizontal, then C5 = 0 for all cases. 
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The Jung and Radermacher correlation [41] is a Chen type correlation which was 
developed from the authors' experimental data for refrigerants HCFC-22, CFC-12, 
HFC-152a, and CFC-114. The correlation is given by: 
hrpp = N • hsa + Fp- h (2.24) 
where hsa is 
kf 
hsa = 207 • g" • jbd) 
kf • Tgai 
0.745 / \ 0.581 
(?) • (2.25) 
and 
bd — 0.146 • /3 • 2 • £7 
0.5 
, ^  = 35^ (2.26) 
9  '  { P f  -  P g )  
N is determined from one of the following equations based on the Martinelli parameter 
(2.27) N = 4048 • %^ 22 .^1.13 < 1 
or 
# = 2.0-0.1 28 .^-0.33 for KXti 
where is given by 
(2.28) 
(Ï 0.1 1/ f\ 0.5 (2.29) 
F n  = 2.37 • I 0.29 + —— 
0.85 
(2.30) 
Fp is determined from 
h JQ is determined from Equation 2.9. 
The Gungor and Winterton [42] correlation was developed from 3693 saturated 
boiling data points. The data bank included water, CFC-11, CFC-12, CFC-113, 
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CFC-114, and HCFC-22. The correlation is a Chen-type correlation given by 
hTP = E - hff, + S • (2.31) 
The hyg is determined from Equation 2.9. The nucleate boiling term is 
= 85 • (/Vrf)'" . {-hgioP^i) • î"-®' (2'32) 
The correction terms are given by 
^ = 1 4- 2400 • 4-1.37 • (2.33) 
-1.0 
1 1.15 X 10"® . (2.34) 
Condensation heat transfer 
Condensation heat transfer has two distinct regions of flow that have been stud­
ied in the past, namely, low- and high-velocity vapor condensation. Condensers in 
refrigeration systems usually operate in the high-velocity domain; thus, annular flow 
patterns usually dominate over the length of the tube. The Shah [45], Traviss et al. 
[44], Cavallini and Zecchin [43], and Kaushik and Azer [46] correlations are all used 
in this study. 
The Cavallini-Zecchin [43] correlation for condensation was developed specifically 
for halocarbon refrigerants, namely, CFC-11, CFC-12, CFC-21, HCFC-22, CFC-113, 
and CFC-114. This correlation is based on 460 refrigerant data points, with 41% 
of these points being CFC-12 data. The accuracy of the correlation varies for each 
refrigerant; for CFC-12, a standard deviation of 36% was found. This correlation is 
applicable for Eej between 7000 and 53,000 and, for liquid-to-vapor viscosity ratios. 
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[pLjIng)^ from 11 to 314. The Cavallini-Zecchin correlation is 
hq^p ^ 0.05 • • PrY^ • (^) (2.35) 
where 
Reeq = (2.36) 
The Traviss et al. [44] correlation was developed from CFC-12 and HCFC-22 
condensation heat transfer data taken during their experimental testing program. 
About 160 data points were used in the initial development of the correlation. No 
specific deviations were reported. The correlation was developed by assuming a 
fry > 3. The Traviss et al. [44] correlation is 
Nu — 
f  P r r - R e ^ r ^  
' Ftt for 0.15 < Fit < 15 (2.37) 
F2 
where 
Ftt = .015 • [Xtt^ + 2.85X^7°-'^®'^) (2.38) 
where Xtt is the Lockhart-Martinelli parameter. F2 can be determined from the 
following. 
R e f < 5 0  F 2  =  0 . 7 0 7  f r y  R e j - ^  ( 2 . 3 9 )  
50 < Aey < 1125 ^2 = 5 • Pry + 5 • /n[l + Pry(0.09636Ae^'^85 _ 1)] (2.40) 
Re^ > 1125 F2 = 5 • Pr+ 5 • in(l- i-5PrJ-) 
+2.5 • In ^0.00313^6^ 812^ (2.41) 
The Shah [45] correlation was developed from the largest data bank of any 
condensation correlation discussed. In all, 777 data points were used for 10 fluids 
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and a mean deviation of 15.7% was obtained. The data bank included 22% CFC-12 
data with a mean deviation of 19.5%. It is suggested that this correlation be used 
for ug > 3m/a and for between 350 and 35,000. The Shah [45] correlation is 
^ = 1 + 
Z is defined as 
hi is 
Z = (- - 1 )0 8 p0^ 4 (2.43) 
'^l = (2.44) 
and his the Dittus-Boelter correlation from Equation 2.9. 
The Kaushik and Azer [46] correlation was developed from condensation data for 
steam, CFC-113, and CFC-11. The correlation which predicts semi-local or sectional 
average heat transfer coefficients is 
Nn = 2.078 • . p-OMO ,2.4g) 
were 
Ree = (2.46) 
Ge = G • 
Correlations for pressure drop 
- H ( l - x )  (2.47) 
Pressure drop correlations for two-phase flow in smooth tubes are widely avail­
able in the literature. Many of the correlations were developed from adiabatic flow 
data for steam and air mixtures, which is of interest in the power industry. Few 
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pressure drop correlations found in the literature have been specifically developed 
for refrigerants. Previous investigations [3] have indicated that pressure drop corre­
lations developed for steam can be applied with reasonable accuracy to refrigerants. 
In this section, a series of pressure drop models is presented. These models are later 
compared with the pressure drops measured in this study. 
Pressure drop correlations fall into two broad categories based on the assump­
tions used in deriving the model. The homogeneous model assumes that the liquid 
and the vapor both flow at the same velocity in one homogeneous mixture. Even 
with this very limiting assumption, the homogeneous model has proven to be fairly 
accurate over a broad range of conditions. The second model is based on a sepa­
rated flow approach where the vapor and liquid flow are assumed to be separated 
and flowing at different velocities. This model is a more realistic representation of 
actual two-phase flow, but is more complicated to use. A complete development of 
the governing equations for these two models can be found in Collier [47]. In the 
following sections, a brief discussion each of the two-models is given. 
Homogeneous model The homogeneous model is based on the following as­
sumptions; 
• equal liquid and vapor velocities 
• thermodynamic equilibrium between the phases 
• use of a modified single-phase friction factor 
Based on the assumptions made for the homogeneous model, it may be expected 
that certain flow regimes will be modeled better that others. For example, mist flow 
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would fit under the assumptions of the homogeneous model. On the other hand, the 
stratified flow regime or annular flow regime would not be as closely approximated by 
these assumptions. Regardless of these considerations, researchers in the past have 
applied the homogeneous model to a variety flow conditions with good results. 
The total pressure gradient in a horizontal tube is represented by two compo­
nents: the frictional pressure gradient and acceleration pressure gradient 
- ê = - (s^) + -
Neglecting the compressibility of the gas phase, the acceleration component of the 
pressure gradient can be calculated from 
' • {if) • i 
The frictional component of the pressure gradient is determined from the two-phase 
friction factor as follows: 
dp \  _ 2 • Stp - G^ -Uf 
Tz / ~ D 1 -f- a: (2.50) 
The expression for two-phase frictional pressure gradient can be simplified by substi­
tuting the liquid only friction pressure gradient into Equation 2.50. The expression 
for frictional pressure gradient then becomes 
where 
The total pressure gradient can be calculated from Equations 2.48, 2.49, 2.51, and 2.52 
once /y^, the liquid-only friction factor, and known as the two-phase frictional 
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multiplier, have been defined. Correlations based on the homogeneous model are 
developed by defining a two-phase frictional multiplier that gives best agreement 
with experimental data. 
The liquid-only friction factor is usually defined in terms of the familiar Blasius 
solution. 
n nvQ 
(2.53) ^ _ 0.079 Vo ~ r.0.35 
'^So 
where the Reynolds number is defined in Equation 2.2. Two popular forms of the two-
phase frictional multiplier are given, although, many definitions have been proposed. 
McAdams et al. [48] suggests 
-.25 
*)o = 1 4- z 
7 / J  
Dukler et al. [49] suggest the following form 
1 -f- a: 
1 -i- Œ 
+ {I — x) • 
(2.54) 
X  • Ug + {1 — x )  •  I 'jr 
0.25 
(2.55) 
Using the liquid-only friction factor and one of the two-phase frictional multipliers, 
Equation 2.48 can be numerical integrated to give the total pressure drop through 
the tube. 
Separated flow model The separated flow model is a more realistic approx­
imation of conditions most often encountered in two-phase flow. The assumptions 
made in deriving the separated flow model are: 
• constant but not equal velocities in the two phases 
• thermodynamic equilibrium between the phases 
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• use of two-phase multiplier (<^^) and void fraction (a) to relate independent 
variables of the flow 
Based on the assumptions of the separated flow model, it would be expected to 
perform well with annular flows and stratified flows. Since annular flow and stratified 
flow are predominate over a majority of the tube length in a evaporator or condenser, 
it is expected that this model will yield good results. 
The total pressure gradient for separated flow is represented by the sum of the 
frictional and momentum components of the pressure gradient. 
dp 
dz (2.56) 
If the compressibility of the gas phase is neglected the following expression for the 
momentum component of the pressure gradient is obtained. 
\dz dz 
'2xvg _ 2(1 -a;)t/j\ ^ /{ l - x f u j  
ot (1 - a) ] t/a; 1 (1 - a)2 (2.57) 
The frictional component of the pressure gradient can be expressed in three different 
but equivalent forms. Specifically, since the flow is assumed to be separated, the 
pressure gradient can be expressed in terms of the vapor phase, liquid phase, or the 
total flow considered as liquid. 
P)-{t 
where the three expression for frictional pressure gradients are 
-4 (2.59) 
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t ')A • « 
/ 
The Equations 2.56, 2.57, and 2.58 can be used to determine the total pressure drops 
once the void fraction (a), two-phase friction multiplier (^^), and friction factor (/) 
have been defined. The friction factor is usually defined in terms of the Blasius 
solution as follows: 
f f o  =  ^  ( 2 - 6 2 )  
= ^  (2.64) 
ncg 
where the definition of the Reynolds number is given in Equations 2.1 through 2.4. 
The typical method of obtaining a pressure drop correlation is to take the variables 
(jp' and a and fit them to experimental data. The remainder of the section presents 
various correlations for the two-phase frictional multiplier and void fraction. Many 
correlations exist in the literature but only those that have shown promise for refrig­
erants are reviewed [3, 64]. 
Lockhart and Martinelli [50] developed a correlation for two-phase frictional 
multipliers from pressure drop data for benzene, kerosene, water, and various oils. 
By analyzing their data, Lockhart and Martinelli correlated the parameters (f>g and 
Xii- Soliman et al. [51] approximated the graphical results by: 
^^ = (1-1-2.85.%^^) (2.65) 
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where 
Lockhart and Martinelli defined the friction factor as 
0.045 fg = 
[ R e g )  0.2 
(2.66) 
(2.67) 
Chisholm [52] proposed a model for frictional pressure gradient that modified the 
Lockhart and Martinelli correlations by allowing the two-phase frictional multiplier 
to vary with mass flux. The form of the Chisholm correlation is 
(2.68) 
tt 
where the constant C varies with mass flux. For mass fluxes less than 2000 k g f m ^ - s  ,  
the expression for C is 
C = 0.75 + - 0.75 'J9 






The correlation of Dukler et al. [49] requires the introduction of a void fraction 
model to calculate the frictional pressure gradient. The correlation uses a unique 
definition of frictional pressure gradient given by 
_  2 - f o ' G ^  - r j -  ^  
dz ) D- pj^s 
where 
7/ = 1.0 -f-
/o = 0.0014 4-0.125-
1.0 
I'NS 
1.281 - 0.478 • A + 0.444 • - 0.094 • + 0.00843 • A^ 






Table 2.1: Constants for void fraction correlations 
Correlation A B C D 
Homogeneous 1.0 1.0 1.0 0 
Turner-Wallis [57] 1.0 0.72 0.40 0.09 
Lockhart-Martinelli [50] 0.28 0.64 0.36 0.07 
Baroczy [55] 1.0 0.74 0.65 0.13 
Thom [56] 1.0 1.0 0.89 0.18 







k P N S J  v i - «  
P N S  =  P f  •  +  / ' f i '  •  ( 1  -  ^h )  
f^NS = /^/ • «/i + /^£r • (1 - oih) 
The aj^ is the void fraction predicted by the homogeneous model. 
Calculating the component of total pressure drop due to momentum change, 
Equation 2.57, requires a void fraction model. Butterworth [53] reduced six void 
fraction models into one equation with variable constants. 
1 (2.78) 
The values for these constants are shown in Table 2.1. Using the void fraction models 
and the two-phase friction factors introduced in the previous paragraphs, the total 
pressure gradient to be calculated by numerically integrating Equation 2.56. 
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CHAPTER 3. TEST FACILITIES 
The test facility used in this study measures in-tube two-phase heat transfer co­
efficients and pressure drops of pure refrigerants and refrigerant/lubricant mixtures. 
The test facility is capable of measuring the performance of refrigerants during both 
evaporation and condensation. The test facility has been used in the past with refrig­
erants HCFC-22, CFC-12, HFC-134a, and various refrigerant blends. The original 
design of the in-tube heat transfer test facility was completed by Khanpara [4] to 
study local and average heat transfer coefficients of HCFC-22 in micro-fin tubes. 
Schlager [3] modified the test facility to measure average heat transfer coefficients of 
refrigerants and refrigerant/lubricant mixtures in smooth tubes and micro-fin tubes. 
The study completed by Schlager was an ASHRAE sponsored research project desig­
nated RP-469. Eckels [8] then modified the test facility to accommodate HFC-134a. 
For the current study, further modifications to the facility increased the accuracy of 
the measurements and increased the capabilities of the test facility while maintaining 
the basic design. 
A detailed description of the test facility is given in the following section. An 
equipment list with model numbers and manufacturers is given in Appendix A. The 
procedures used during operation of the rig are also discussed. 
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Test Facility 
The test rig is composed of five main sections: the test section, the refriger­
ant loop, the water loop, the water-glycol loop, and the oil charging station. The 
test facility measures average heat transfer coefficients and pressure drops of a pure 
refrigerant or a refrigerant/lubricant mixtures flowing through the test section. A 
schematic diagram of the test facility is shown in Figure 3.1. The major loops and 
sections can be identified on Figure 3.1. In the following paragraphs, each major part 
of the rig is described in detail. 
Test section 
The test section consists of two tube-in-tube heat exchangers, temperature sen­
sors, pressure sensors, and routing valves. The test section consists of two identical 
tube-in-tube counter flow heat exchangers which are mounted parallel. A different 
tube is mounted in each heat exchanger. During testing only one heat exchanger is 
active, the other heat exchanger is isolated with a series of valves. The test tube is 
the inner tube (i.e., the micro-fin tube or smooth tube) of the heat exchangers. The 
inner tube is typically a 9.52 mm outside diameter tube which is 3.67 m in length. 
The outer tube of the heat exchanger is also 3.67 m in length with a 17.2 mm inside 
diameter. The inner tube is secured in the outer tube by a series of spacers, which 
also ensures that the inner tube is centered in the annulus. 
Refrigerant flows in the inner tube and water in the outer annulus. The water 
flowing in the outer tube is used to either vaporize or condense the refrigerant flowing 
in the inner tube. The exterior of the annulus is insulated with a thick layer of 

















Figure 3.1: Schematic of test facility 
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environment during testing. Switching between test sections only involves changing a 
series of routing valves. The two parallel test section arrangement has the advantage 
of allowing different tubes to be tested with the same refrigerant/lubricant charge, 
thus ensuring an accurate comparison of the effect of lubricant concentration on the 
performance of the two tubes. 
Temperatures of the inlet and outlet streams of the test section are measured 
with RTDs (resistance temperature device) which have a manufacturers uncertainty 
of ±0.05 °C . The pressure at the inlet of the refrigerant tube is measured by two 
pressure transducers: a capacitance sensing transducer and a strain gauge type trans­
ducer. The capacitance sensing pressure transducer has a manufacturers uncertainty 
±2.1 kPa, while the strain-gauge-type pressure transducer has a manufacturers un­
certainty of ±9 kPa. The pressure drop across the refrigerant test tube is measured 
with a capacitance sensing type differential pressure transducer accurate to ± 0.17 
kPa. All pressure gauges are mounted horizontal to the test sections in order to 
eliminate liquid head differences that could effect the accuracy of the readings. 
Refrigerant loop 
The refrigerant loop contains an after condenser, a positive displacement pump, 
a bladder accumulator, a filter drier, an oil separator, two flow meters, a boiler, and 
instrumentation. The refrigerant loop is unique in that no compressor is used. A 
positive displacement diaphragm type pump is used to circulate the refrigerant. The 
advantage of the positive displacement pump is that it does not require lubrication 
during operation. Hence, lubricant concentration can be a parameter of the system. 
Another unique feature of the system is that the refrigerant loop does not have 
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a distinct high-side pressure or low-side pressure as is found in most refrigeration 
systems. The only significant pressure drops are those associated with normal flow 
through pipes. The absolute pressure in the refrigerant line is controlled by varying 
system volume, not with expansion valve settings. 
The refrigerant exiting the test section is condensed and subcooled in the after-
condenser. The after-condenser is a co-axial type heat exchanger that minimizes the 
required refrigerant charge for the system. The cooling medium used in the after-
condenser is supplied by the water-glycol loop. The subcooled refrigerant is circulated 
with the positive displacement pump which produces a constant volume flow of liquid 
refrigerant. The flow rate of refrigerant into the test section is controlled with a by­
pass line which diverts a certain portion of the flow away from the test section. The 
by-passed refrigerant is circulated back to the after-condenser to prevent warming of 
the recirculated refrigerant. A filter drier is included in the by-pass line to remove 
any contaminates present in the refrigerant line. Prior to entering the test section, 
the refrigerant is heated to the proper temperature and quality in the boiler. The 
boiler is a 12.7 mm outside diameter, 2.63 m long stainless steel tube heated by direct 
electrical current. 
The pressure in the system is controlled with the bladder accumulator that acts 
as an expansion tank. The 3.87 1 bladder is constructed of buna-n, an elastomer ma­
terial compatible with HFC-134a and CFC-12. The volume occupied by the bladder 
is controlled by varying the pressure in the bladder accumulator. Specifically, a pres­
sure regulator attached to a tank of high pressure nitrogen is used vary the pressure in 
the bladder accumulator. The bladder accumulator is also cooled by the water-glycol 
system to prevent flashing of the refrigerant when operating at low pressures. 
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The refrigerant flow rate into the test section is measured by two flow meters: 
a coriolis effect flow meter and a positive displacement flow meter. The two flow 
meters are located in series directly before the test section and boiler. The coriolis 
effect flow meter has an accuracy of ±0.15%, while the positive displacement flow 
meter has an accuracy of ±1.0%. Temperatures in the refrigerant line are monitored 
in various locations with thermocouples, accurate to ±0.3 °C . 
The oil separator in the refrigerant line is used to remove the lubricant from 
the system once testing is completed. The oil separator is located directly down 
stream of the test section and is isolated by a series of valves during normal testing. 
The lubricant can be removed from the refrigerant line by bringing the oil separator 
online. The oil separator is brought on line by switching a series of routing valves that 
then force the refrigerant/lubricant mixture to pass through the oil separator. The 
refrigerant is passed through the oil separator for 12 hours or more. After 12 hours, 
the test section and oil separator are isolated from the system and rinsed to remove 
the remaining lubricant. A sample of refrigerant is then taken from the refrigerant 
line to ensure that all lubricant has been removed. 
Water loop 
Water entering the annulus side of the test section is supplied by the water loop. 
The water loop contains a pump, a heater, a heat exchanger, a filter, and a coriolis 
effect flow meter. The purpose of the water loop is to provide water at a specific 
temperature and flow rate to the annulus of the test section. In the test section, the 
water acts as a heat source or sink for the refrigerant flowing in the test section. The 
refrigerant quality change through the test section is controlled via the temperature 
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and flow rate of the water passing through the test section. 
A pump circulates the water in the loop, with flow control provided by a globe 
valve. The water is circulated through a filter media that removes any particulate 
matter present in the line. The water is then passed through the heat exchanger 
and heater where energy is added or removed depending on the type of test being 
conducted in the test section (i.e., condensation or evaporation). The energy transfer 
in the heat exchanger is accomplished with a mixture of warm and cold water supplied 
from the building taps. Fine adjustments to the water temperature are provided by 
the 2000 W immersion heater located directly downstream of the heat exchanger. 
The flow rate of the water is measured with a coriolis effect flow meter which is 
accurate to ±0.15%. 
Water-glycol loop 
The water-glycol loop condenses the refrigerant exiting the test section. The 
water-glycol loop contains a pump, a chiller, and a rotameter. Water-glycol is circu­
lated through the after-condenser in the refrigerant line with the water-glycol pump. 
The pump is fed from a 300 gallon storage tank that is cooled to -15 °C in the lab'A 
centralized 30 ton nominal chiller. The storage tank provides a sufficiently large ther­
mal reservoir to ensure that the water-glycol temperature will be constant over time. 
The flow rate of the water-glycol is monitored with a rotameter. 
Oil charging station 
The positive displacement pump used in the refrigerant line allows lubricant 
concentration to be a parameter of the system. Therefore, lubricant can be injected 
49 
into or removed from the refrigerant line as required via batch processing. If a 
compressor were used, lubricant would be continually injected prior to the test section 
and removed directly after the test section. In the batch process, a known amount 
of lubricant is injected into the refrigerant line prior to testing. The test are then 
conducted with the known lubricant concentration circulating in the refrigerant line. 
Lubricant is injected into the refrigerant line with a hydraulic cylinder, which 
is a double-actuating cylinder with a 5.08 cm diameter and a 15.24 cm stroke. High 
pressure nitrogen is used on the opposing side of the lubricant charge to drive the 
lubricant into the refrigerant line. The amount of lubricant injected into the system is 
calibrated to the volume displacement of the charging cylinder, thus allowing an ac­
curate charge to be injected. The amount of lubricant to be injected is determined by 
knowing the volume of refrigerant circulating in the refrigerant line and the lubricant 
concentration desired in the system. 
A second hydraulic cylinder with a 3.17 cm diameter and a 10.16 cm stroke is 
used to draw samples from the refrigerant line in order to verify the flowing lubricant 
concentration. The lubricant concentration of the refrigerant/lubricant mixture in 
the sampling cylinder is determined by knowing the weight of the cylinder empty, 
the weight of the cylinder and the refrigerant/lubricant mixture, and the weight after 
the refrigerant has been bled off. The cylinder system was weighed at each step with 
an electronic scale accurate to ±0.01 g. ASHRAE standard 41.-4-1984 [58] was used 
to calculate the reported lubricant concentrations. The sampling sizes used in this 
study were smaller than those recommended in 41.4-1984 due to volume limitations 
of the test facility. 
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Data acquisition 
Data acquisition is performed with a personal computer, a 40 channel scanner, 
and a multimeter. Control of the multimeter and scanner are accomplished via the 
personal computer and an IEEE-488 bus. A small program is used to monitor system 
parameters before final data acquisition is stated. Final data acquisition is initiated 
when system parameters like quality, flow rate, and temperature have reached a 
steady value. Final data acquisition reads all system instrumentation five times in 
sequence over a seven minute time period. The five readings for each instrument (i.e, 
thermocouples, RTDs, or flow meters) are then averaged. The averaged values are 
are used to calculate other system information that is of interest (e.g., convective 
heat transfer coefficients, qualities) 
Experimental Methods 
At start-up, the refrigerant is allowed to circulate until temperatures in the 
subcooled sections of the rig come to a steady value. For example, the refrigerant is 
circulated at start-up until the temperature of the refrigerant entering the boiler has 
reached the water-glycol bath temperature. Once the refrigerant is sufficiently sub-
cooled, the desired conditions in the test section can be obtained. The refrigerant flow 
rate into the test section is set by controlling the amount of refrigerant by-passed. 
The pressure in the refrigerant line is obtained by varying the mass of refrigerant 
contained in the bladder accumulator. After the refrigerant flow rate and pressure 
are set, the desired qualities at the inlet and exit of the test section are obtained. 
The refrigerant inlet quality is set by controlling the energy supplied to the boiler 
directly upstream of the test section. The quality change through the test section is 
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controlled by varying the temperature of the water entering the test section. 
Once all parameters (i.e., refrigerant flow rate, qualities, and pressures) fall in 
the desired range and are steady, final data acquisition is initiated. At the completion 
of a test run, the data acquisition program checks the variance of the five readings 
obtained for each channel. If a large variance is present in any channel the run is 
aborted. Each channel represents a measurement device such as flow meter or RTD. 
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CHAPTER 4. DATA ANALYSIS 
The analysis of data takes place on three important levels. The most basic 
level is data reduction where the raw experimental data are analyzed and impor­
t a n t  e x p e r i m e n t a l  p a r a m e t e r s  c a l c u l a t e d .  N e x t ,  t h e  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  
the experimental results must be calculated. Finally, the presentation of results in a 
manner that clearly identifies experimental trends also requires data analysis. In the 
following sections each level of data analysis is discussed. 
Data Reduction 
The raw data from the data acquisition program are analyzed with the data re­
duction equations. The average convective heat transfer coefficients are determined 
with a log-mean-temperature-difference (LMTD) method. Qualities at the inlet and 
outlet of the test section are determined from energy balances on the test section 
and preheaters. Two categories of experimental data must be analyzed: pure refrig­
erant data and refrigerant/lubricant mixture data. For pure refrigerants, application 
of the data reduction equations is straightforward, but, when refrigerant/lubricant 
mixtures are being analyzed a few modifications to the data reduction are necessary. 
In the following paragraphs, the pure refrigerant data reduction equations are pre­
sented. The adjustments to the data reduction equations necessary when analyzing 
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refrigerant/lubricant mixtures are discussed in the next section. 
Pure refrigerant 
The energy transferred to the refrigerant in the test section during two-phase 
flow and single-phase flow is calculated from a energy balance on the water-side of 
the test section. 
Qtw = • ^Pw • {Tin - Tout) (4.1) 
During single-phase flow, an energy balance can also be applied to the refrigerant 
flowing through the test section. 
Qtr = • cpr • {Tin " ^oui) (4.2) 
Comparisons of the water-side energy balance and refrigerant-side energy balance 
during single-phase flows showed that the two are in good agreement, within ±4%. 
The quality entering the test section is determined by applying an energy balance 
to the preheaters. The energy transfer to the refrigerant in the preheater is given by; 
Qh~ ^ out ~ ^ in (4-3) 
where is the enthalpy leaving the preheater and is the enthalpy entering 
the preheater. The enthalpy leaving the preheater is given by. 
Hout = • cpr • {Tsat - T^ef) -\-mr'ijg'X (4.4) 
where is some arbitrary reference temperature. The refrigerant entering the 
preheater is always sub-cooled so the enthalpy entering is 
Hin = mr • cp^ • (4.5) 
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The energy input by the preheater is calculated by measuring the voltage and current 
across the heater. The equation used to determine the energy input to the refrigerant 
in the pre-heater is: 
= HL\ • (F • /) + HL2 (4.6) 
where factors HLl and HL2 account for the energy gained or lost to the environment 
during testing [4]. During evaporation, HLl is 1 and HL2 is 80 W. For condensation, 
HLl is 0.98 and HL2 = 0. The factors are interpreted as follows. During condensation 
2% of the energy is lost to the environment, while during evaporation the energy 
gained is constant at 80 W. Substituting the known values into Equation 4.3 and 
solving for quality exiting the preheater gives. 
"4 
The quality change through the test section is determined in a similar manner 
using the refrigerant enthalpies entering and exiting the test section. 
= "Ti„ - %„„( (''•8) 
The energy transfer to the refrigerant in the test section (Qt^) is determined from 
Equation 4.1. The enthalpy entering the test section is given by 
• cpr • [Tgat - T^ef) + mr • hfg • (4.9) 
The enthalpy exiting the test section is 
^Tout ^ - ^ re/) + mr-hjg- Xgut (4.10) 
Substituting the known values into Equation 4.8, and realizing that is equal at 
the inlet and outlet, gives the following equation for quality change through the the 
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test section. 
Ax = (4.11) 
m r - i f g  
Equations 4.7 and 4.11 are sufficient to determine the qualities in the refrigerant line 
as long as subcooled liquid enters the preheater and the superheat vapor region is 
not entered. 
The average heat transfer coefficient of the refrigerant in the test tube is deter­
mined from the overall heat transfer coefficient,the annulus-side heat transfer coeffi­
cient, and the LMTD. The overall heat transfer coefficient is 
The LMTD is determined from the temperatures at the inlet and exit of annulus-side 
of the test section and the average saturation temperature of the refrigerant in the 
inner tube. 
LMTD = (4.13) 
ATi = (4.14) 
AT2 = Trggf - (4.15) 
The average saturation temperature is inferred from the average saturation pressure 
in the refrigerant tube for the pure refrigerant. If a refrigerant/lubricant mixture is 
present, the effect of lubricant concentration on the inferred saturation temperature 
must be included in the calculation of LMTD. The method used to make these ad­
justments is discussed in the next chapter. The annulus-side heat transfer coefficient 
(ho) was correlated with a Wilson-plot technique over the range of flow rates and 
temperatures typically encountered in the annulus during testing. The correlation for 
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annulus side heat transfer coefficient is a Dittus-Boelter type equation. For cooling 
of the annulus fluid, the correlation is 
ho = 0.027 • (4.16) 
for heating of the annulus fluid the correlation is 
ho = 0.027 • (4.17) 
The average in-tube heat transfer coefficient can be calculated by forming a 
simple resistance network. Assuming the resistance of the copper tube is negligible, 
and solving for inside heat transfer coefficient gives. 
The is based on the maximum inside diameter of the smooth tube and micro-fin 
tube. For the micro-fin tube the maximum inside diameter is the outside diameter 
minus the wall thickness. The equations presented in this section assumes that pure 
refrigerant is flowing and that the superheated vapor region has not been entered. 
Data reduction with refrigerant/lubricant mixtures 
Adjustments to the data reduction equations are necessary to account for the 
presence of refrigerant/lubricant mixtures. The specific heat of the refrigerant used 
in Equations 4.11 and 4.7 must be adjusted to account for the presence of lubricant. 
The mixing equation used to determine the specific heat of a refrigerant/lubricant 
mixture is [61]: 
^Vm ~ ^Pr ' + Cp^ • (1 — wy) (4.19) 
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The density of the refrigerant/lubricant mixture is also required. Specifically, the 
positive displacement flow meter, which is used as a backup flow meter, requires 
a density to convert volumetric flow to mass flow. The mixing equation used to 
determine the density of a refrigerant/lubricant mixture is: [61]: 
A complete list of mixing equations for refrigerant/lubricant mixture properties can 
be found in Baustian et al. [59] and Baustian [60]. The use of mixing equations was 
limited in this study due to a lack of measured property data for the new lubricants. 
The LMTD in Equation 4.13 requires the average saturation temperature of the 
refrigerant in the test section. For a pure refrigerant, the average pressure in the 
refrigerant tube is used to determine the average saturation temperature. If a re­
frigerant/lubricant mixture is present, solubility data must be used to determine the 
average temperature in the test section. Specifically, calculating an average satura­
tion temperature for pure refrigerant only requires an accurate relationship between 
^sat '^sati whereas with a refrigerant/lubricant mixture an accurate relation­
ship between Psah '^sati lubricant concentration (i.e., solubility data) must be 
known. The pressure-temperature relationship is not significantly changed from that 
of pure refrigerant at low refrigerant qualities because the lubricant concentration 
in the liquid phase remains low. At high refrigerant qualities, the concentration 
of lubricant in the liquid phase is significantly higher than the nominal circulating 
concentration causing a significant change in pressure-temperature relationships. A 
detailed description of the experimental facility used to obtain solubility data for the 




saturation temperature in the test section are given in the next chapter. 
Experimental Uncertainties 
The uncertainties in the average heat transfer coefficients and pressure drops 
of pure HFC-134a were calculated from a sample of the pure HFC-134a test runs 
in the smooth tube and the micro-fin tube. A propagation-of-error analysis [62] 
was used to obtain the uncertainty in the average heat transfer coefficient, while 
a statistical method was used to determine the uncertainty in pressure drop. The 
experimental results and the associated uncertainties are listed in Tables 4.1 and 
4.2. A sample hand calculation using the propagation-of-error method is shown in 
Appendix B. Appendix B also includes the analysis of the pressure drop uncertainties. 
The uncertainties listed for pressure drop are a 95% confidence interval on the mean 
pressure drop calculated in each test run. The uncertainties for pure CFC-12 and 
those for refrigerant/lubricant mixtures are not significantly different from those of 
pure HFC-134a. 
An additional study was undertaken to determine a statistical uncertainty in the 
average heat transfer coefficient. The objective was to determine a 95% confidence 
interval for the average evaporation and condensation heat transfer coefficients of 
pure HFC-134a. A true statistical uncertainty was determined by measuring pure 
HFC-134a heat transfer coefficients five different times over a period of 1 year. The 
data were then analyzed with a statistical analysis package and a 95% confidence 
interval was calculated. 
Figures 4.1 and 4.2 show all experimental data and the 95% confidence intervals 
for smooth tube tests. For evaporation, 106 data points were obtained, while con-
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Table 4.1: Error analysis of smooth tube results 


































































Table 4.2: Error analysis of micro-fin tube results 
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Figure 4.1: Confidence interval for evaporation heat transfer coeflRcients of 
HFC-134a in a smooth tube 
densation had 75 data points. The 95% confidence interval for evaporation shown in 
Figure 4.1 is about ± 200 Wlrr?-K , while that for condensation shown in Figure 4.2 
is about ± 150 Wjrf^'K . The confidence interval for evaporation is about ± 10% 
at the low mass fluxes and about ± 4% at the higher mass fluxes. For condensation, 
the confidence interval is about ± 10% at the low mass fluxes and about ± 6% at the 
higher mass fluxes. These values compare favorably with the propagation-of-error 
analysis presented earlier. 
The 95% confidence intervals for pure HFC-134a heat transfer coefficients in the 
micro-fin tube are presented in Figures 4.3 and 4.4. The evaporation heat transfer 
data for HFC-134a in the micro-fin tube consisted of 30 data points, while for con­
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Figure 4.2: Confidence interval for condensation heat transfer coefficient of 
HFC-134a in a smooth tube 
was about ±250 W/m^-K ,  while for condensation the 95% confidence interval was 
about ±150 WjrrT^'K . This translates into confidence intervals of about ±7% to 
±4% for evaporation and ±4% to ±3% for condensation at the low and high mass 
fluxes, respectively. The 95% confidence intervals for the micro-fin tube heat transfer 
coefficients are slightly smaller than the propagation-of-error estimations presented 
earlier. 
Data Analysis 
The experimentally determined heat transfer coefficients and pressure drops are 
analyzed and presented in a variety of ways that help to identify specific trends. This 
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Figure 4.4: Confidence interval for condensation heat transfer coefficient of 
HFC-134a in a micro-fin tube 
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tration, and micro-fin tubes. The goal is to show specifically how heat transfer and 
pressure drop vary with these three primary variables. 
The effect of mass flux is shown by plotting heat transfer coefficients and pressure 
drops versus mass flux for all refrigerant/lubricant pairs tested. A two-degree poly­
nomial in mass flux was fit to the data at each lubricant concentration. The curve-fits 
are then used to form ratios that quantify the effect micro-fin tubes and lubricant 
concentration has on performance. Ratios of heat transfer coefficients are called en­
hancement factors, while ratios of pressure drops are called penalty factors. This 
terminology was selected because of its use in past studies and because it indicates 
the general objectives of micro-fin tubes. Specifically, fin tubes are generally designed 
to enhance heat transfer with a minimum increase in pressure drop. Enhancement 
factors are designated by EF and penalty factors by PF. In addition, subscripts are 
added to the EF and PF to indicate which type of ratio is being presented. Smooth 
tube is indicated by an "s" and enhanced tube with an "a". A prime added to either 
variable indicates the ratio was formed with a refrigerant/lubricant mixture over an 
range of lubricant concentrations. For example, EF^/is the micro-fin heat transfer 
coefficients for refrigerant/lubricant mixtures divided by the pure refrigerant heat 
transfer coefficients in the micro-fin tube. The ratios are typically plotted versus 
mass flux or lubricant concentration. 
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CHAPTER 5. SOLUBILITY EFFECTS 
Unlike the pure refrigerant case, evaporators and condensers that operate with 
refrigerant/lubricant mixtures require sorne type of model to predict axial temper­
ature profiles near the inlet of the condenser and exit of the evaporator where the 
liquid phase is lubricant rich. Specifically, even though the lubricant concentration is 
constant as the fluid flows through the test section (i.e., the concentration entering 
equals the concentration exiting during steady state), the lubricant concentration in 
the liquid phase changes as refrigerant either vaporizes or condenses. The relationship 
between saturation temperature, lubricant concentration, and saturation pressure is 
know as the solubility of a refrigerant/lubricant mixture. 
The ability to predict an average saturation temperature in the refrigerant tube 
based on pressure readings and lubricant concentrations is an important aspect in 
this study because a log-mean-temperature-difFerence (LMTD) method is used to 
determine the inside convective heat transfer coefficients. Specifically, the satura­
tion temperature in the refrigerant tube is inferred from the pressure readings at 
the inlet and exit of the test section and these values are used in calculating the 
LMTD. In this chapter, a method is presented to account for the solubility effects of 
a refrigerant/lubricant mixtures when measuring two-phase heat transfer coefficients. 
Hughes et al. [22] investigated the effect of lubricant circulating through the 
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evaporator and condenser by determining the reduction in coefficient of performance 
of cycles that used refrigerant/lubricant mixtures as the working fluid. They showed 
that circulating oil reduces the evaporator capacity by retaining a certain portion of 
the refrigerant in the liquid phase. Using solubility data, they constructed pressure-
enthalpy charts for refrigerant/lubricant mixtures that can predict evaporator and 
condenser capacity. 
Sur and Azer [64] used Raoult's law to predict temperature profiles for mixtures 
of CFC-113 and a naphthenic oil circulating through a condenser. The adjusted 
temperature profiles in the refrigerant tube were used by Sur and Azer to deter­
mine two-phase heat transfer coefficients. Solubility data would be ideal for such an 
application, but most solubility charts concentrate on lubricant concentrations and 
temperatures that are higher than those found in evaporators and condensers. 
Schlager et al. [32] also discussed using solubility data for mixtures of HCFC-22 
and a naphthenic oil when determining two-phase heat transfer coefficients. They 
concluded that for HCFC-22/naphthenic oil mixtures, solubility effects are insignifi­
cant at the lower qualities and only become significant for qualities above 85%. They 
also note a difficulty in applying current solubility charts for refrigerant/lubricant 
mixtures due a lack of resolution in the regions of interest for evaporator and con­
denser studies. 
The objective is to show how solubility equations can be applied to predict tem­
peratures found in evaporators and condensers. Experimental evidence is also pre­
sented to confirm that solubility effects do exist for in-tube two-phase flow of refrig­
erant/lubricant mixtures. Solubility data were obtained for all refrigerant/lubricant 
mixture pairs used in this study for lubricant concentrations that ranged from 0% to 
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45% over a temperature range of -10 °C to 50 °C . The solubility test facility and the 
experimental procedures used to obtain the data are also presented. The method of 
correlating the solubility data is also discussed. The solubility data are also used to 
explain temperature profiles measured in experimental in-tube, two-phase flow data 
of refrigerant/lubricant mixtures. 
Solubility Test Facility 
Description of test facility 
The test facility used to obtain solubility data in this study was designed to mea­
sure the miscibility and solubility characteristics of refrigerant/lubricant mixtures by 
using a series of miniature test cells submerged in a constant temperature bath. Each 
test cell consists of a double-port seal-cap type liquid indicator, which is essentially 
a 3.18 cm pipe cross with sight windows screwed into opposing ports. The sight 
windows allow for complete visibility of the refrigerant/lubricant mixture. Valves for 
charging the refrigerant and lubricant into the cell are screwed into the other ports. 
In-line with one of the valves is a strain gauge type pressure transducer accurate to 
± 1.73 kPa. The overall volume of each test cell varies slightly; however all were 
measured to have nominal volumes around 65 ml. Figure 5.1 is a photograph of a 
test cell assembly. 
The test cells are submerged in a 20 by 20 by 12-inch glass bath. The glass allows 
for visibility of the test cells throughout the test. Figure 5.2 is a photograph showing 
an array of four test cells in the bath. The bath fluid is a 65% pure ethylene glycol 
and water solution. The bath is cooled with the use of an R-502 refrigeration system. 
A temperature controller and heater are installed to regulate the temperature of the 
I 1 
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Figure 5.1: Picture of test cell 
bath. The bath is insulated on all sides to ensure a uniform bach temperature. Part 
of the insulation can be removed to allow for observation of the cells. 
The temperature of the bath fluid is measured by two internal resistance temper­
ature detectors (RTD). The temperature probes consist of a platinum RTD connected 
to a signal conditioner/current transmitter that provides a linear response over the 
temperature range of -51 °C to 149 °C . One cell is assembled with an internal ther­
mocouple to determine equilibrium ( i.e., steady state) conditions. The temperature 
difference between the thermocouple and another mounted on the outside of the cell 
indicates when thermal equilibrium between the cell and bath has been achieved. 
Figure 5.2: Array of test cells in constant temperature bath 
Experimental procedures 
Prior to the injection of any fluid for testing, the cells are rinsed and cleaned to 
remove contaminants. Next, the cells are evacuated, and the connections from the 
charging station are attached to a valve on the test cell. The desired amounts of 
refrigerant and lubricant are injected into each test cell from a charging station built 
specifically for the purpose of injecting refrigerant and lubricant. 
Measured amounts of refrigerant and lubricant are injected to provide the desired 
volume and concentration of liquid. In addition, the cells are weighed on a scale 
before and after the injection of the lubricant and the refrigerant. The scale has an 
uncertainty of ± 0.01 gram. The concentration of the liquid in each cell is calculated 
from the masses of the refrigerant and lubricant injected along with corrections for 
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refrigerant vapor present in each cell. An array of cells, each with a different lubricant 
concentration, is then placed in the bath. The bath is cooled or heated to the 
desired temperatures, whereupon pressures and temperatures are measured. Before 
the pressure in the cells is measured, a check is made to ensure that the temperature 
in the cell and bath have come to equilibrium. 
Solubility Data 
The data set of refrigerant concentrations, pressures, and temperatures was cor­
related with a statistical analysis software package. Solubility data for five different 
refrigerant/lubricant pairs were obtained. For HFC-134a, three different lubricant 
were tested: a 169 SUS penta erythritol ester branched-acid, a 369 SUS penta ery-
thritol ester branched-acid, and a 150 SUS penta erythritol ester mixed-acid. Two 
different lubricants were used with CFC-12: a 150 SUS naphthenic oil and a 300 SUS 
naphthenic oil. Each refrigerant/lubricant mixture pair was tested over a lubricant 
concentration concentration range of 0% to 45%. At each lubricant concentration, 
solubility data were taken over a temperature range of -10 °C to 50 °C . The sol­
ubility data were correlated with Equation 5.1. The equation predicts saturation 
temperature from saturation pressure and mass fraction of the lubricant. 
T = cO +  cl  • ln{p)  -t- c2 -uJi  -}- c3 • ln{p)  • 
4- c4 • /n(p) •ijj'i -\- c5 • /n(p)^ + c6 • uj (5.1) 
where units for T, p, and are °K , kPa, and mass fraction of lubricant, respectively. 
The equation presented fit the solubility data presented in Appendix D data with an 
R factor of 0.999. The form of Equation 5.1 was selected statistically by maximizing 
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Table 5.1: Constants for solubility equation 
HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
ester-m ester-m ester-b naphthenic naphthenic 
cO 241.114 244.238 246.138 242.507 246.257 
cl -16.101 -17.180 -18.078 -19.936 -21.055 
c2 -9.087 2.175 -5.455 -14.970 -15.038 
c3 1.745 -0.150 1.4066 3.375 3.184 
c4 -1.316 4.131 0.7631 -0.023 0.825 
c5 3.830 3.923 4.0022 4.406 4.488 
c6 11.286 -15.929 0.0 14.107 8.242 
Table 5.2: Solubility data for mixtures of HFC-134a and a 169 SUS ester 
Pressure 
(kPa) 
Mass Fraction Lubricant 
0.0 0.05 0.1 0.2 0.35 0.45 
310 1.64 "C 1.73 "C 1.85 °C 2.21 °C 3.05 °C 3.81 °C 
500 15.84 °C 15.93 °C 16.06 °C 16.48 °C 17.55 °C 18.38 °C 
700 26.91 °C 27.00 °C 27.14 °C 27.60 "C 28.69 °C 29.70 °C 
900 35.76 °C 35.85 °C 36.00 "C 36.48 "C 37.66 "C 38.75 °C 
1000 39.62 °C 39.71 °C 40.07 °C 40.35 "C 41.56 °C 42.68 °C 
an adjusted r-square parameter. Equation 5.1 constants for ail refrigerant/lubricants 
mixtures are shown in Table 5.1. A sample of the correlation results are shown in 
Tables 5.2 and 5.3 for HFC-134a and 169 SUS and 369 SUS penta erythritol ester 
branched-acid. The tables show the changing saturation temperature with mass 
fraction of lubricant at constant pressure. 
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Table 5.3: Solubility data for mixtures HFC-134a and a 369 SUS ester 
Pressure 
(kPa) 
Mass Fraction Lubricant 
0.0 0.05 0.1 0.2 0.35 0.45 
310 1.64 °C 1.79 °C 1.77 °C 1.97 °C 2.35 °C 2.81 °C 
500 15.83 °C 15.92 °C 16.03 °C 16.30 °C 16.82 °G 17.25 °C 
700 26.86 °C 26.98 °C 27.11 °C 27.43 °C 28.01 °C 28.45 "C 
900 35.67 °C 35.81 °G 35.97 °C 36.32 "C 36.93 °C 37.39 "C 
1000 39.50 "C 39.66 °C 39.82 °C 40.18 "C 40.81 °C 41.28 °C 
Heat Transfer Data 
Temperature, pressure, and concentration data were obtained for HFC-134a and 
a 169 SUS ester lubricant to check that solubility trends presented in the previous 
section occur with two-phase flow of refrigerant/lubricant mixtures in a tube. The 
in-tube data for the refrigerant/lubricant mixture were taken with an experimental 
heat transfer rig described in Chapter 3. 
In-tube temperature and pressure for refrigerant/lubricant mixtures 
In-tube temperature and pressure data were taken at the inlet of the test sec­
tion over a range of qualities for pure HFC-134a and for HFC-134a/169 SUS ester 
mixtures. The data from these tests are shown in Figure 5.3. The plot shows the 
temperature difference, which is the measured temperature at the inlet of the test 
section minus the pure refrigerant saturation temperature, inferred from the pressure 
measurements, over a range of qualities for two circulating lubricant concentrations of 
3.0% and 5.0%. The plot shows that the temperature difference increases as quality 
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Figure 5.3: In-tube data for HFC-134a/ester lubricant mixtures 
Comparison of Solubility Data and In-tube Data 
The in-tube property data shown in Figure 5.3 and the solubility equations 
can be directly compared to see if any correlation exists. Since many new refriger­
ant/lubricant mixtures are being introduced with the absence of solubility data, the 
solubility data for the HFC-134a/169 SUS ester mixture are also compared with a 
theoretical approach, such as Raoults law, as was done by Sur and Azer [64]. 
The increase in saturation temperature with increasing lubricant concentration 
can be shown more clearly by defining a temperature difference based on the sat­
uration temperature of the mixture minus the saturation temperature of the pure 
refrigerant at the same pressure. The temperature difference is shown in Figure 5.4 
(which is developed from Equation 5.1 ) for pressures of 310 kPa and 1000 kPa. 
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Figure 5.4: Temperature difference for two refrigerant/lubricant mixture pressures 
The increases in saturation temperature at a lubricant mass fraction of 0.45 is about 
1.4°C at 310 kPa and 2.0°C at 1000 kPa. 
The in-tube data shown in Figure 5.3 can be compared to the solubility data by 
converting the quality to an equivalent mass fraction of lubricant in the liquid phase 
flowing in the tube. The mass fraction of lubricant in the liquid phase at any quality 
is determined with the following formula 
where the term (1—a;)*(l—accounts for the amount of liquid refrigerant remaining 
at any given refrigerant quality. For example, if the lubricant mass fraction circulating 
through a refrigeration system is 0.05 and the quality is 0.5 at the exit of the heat 
exchanger then the lubricant concentration in the liquid phase at the exit of the heat 
% U l  +  { 1 -  z ) ( l  - U J l )  (5.2) 
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exchanger is given by 
0.05 
~ 0.05+ (1-.5) *(1 -0.05) 
= 0.095 
(6.3) 
Figure 5.5 shows the results of converting the data shown in Figure 5.3 to mass frac­
tion of lubricant and then comparing it with solubility data. The graph shows that 
the in-tube temperature differences measured are accounted for by the increasing 
lubricant concentration in the liquid phase. The results reinforce the use of solubility 
data to predict temperature profiles in evaporators or condensers. The conclusion 
drawn from these results is that over the range of qualities tested the lubricant tends 
to stay mixed with refrigerant solution remaining giving a constant increase in tem­
perature as quality increases. On the other hand, if the lubricant had come out of the 
solution the solubility curve and in-tube data would diverge at the higher qualities. 
The possibility still exists that at the qualities above 90% these tends could break 
down as a more significant portion of the wall become dry. These higher quality 
ranges were not pertinent to this study so were not fully investigated. 
Solubility charts or equations are not always available for newer refrigerant-
lubricant pairs. One possible solution for the new refrigerants and lubricants is to use 
a mixing law such as Raoults law. Figure 5.6 compares solubility data with results 
obtained from Raoult's law. Raoults law appears to over-estimate the changing 
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Figure 5.5: Comparison of in-tube data and solubility data 
Solubility Model in a Evaporator and Condenser 
The ideas presented in the previous section can be applied to either a condenser 
or evaporator to predict the effect of lubricant. Predicting the temperature effects in 
a two-phase refrigerant-lubricant mixture becomes important when determining heat 
transfer coefficients because an accurate log-mean-temperature-difference is required. 
It is also important for understanding what is meant by refrigerant superheat at the 
inlet of a condenser or the outlet of a evaporator. Examples for both a condenser 
and evaporator are presented below. ' 
First, a typical condensation test run obtained from the heat transfer rig de­
scribed earlier was selected to show how the solubility data can be applied to predict 
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Figure 5.6: Comparison of Raoults law and solubility data 
in the rig is a counter-flow heat exchanger with the refrigerant flowing in the inner 
tube. Figure 5.7 shows the temperatures at the inlet and outlet of the heat exchanger 
for the HFC-134a/169 SUS ester mixture and the cooling water. The lines shown on 
graph for the refrigerant temperature along the length of the tube are linear approx­
imations through the test section because measurements are only taken at the inlet 
and exit of the test section. 
Figure 5.8 shows a close-up view (i.e., expanded scale) of the temperatures on 
the refrigerant side. At the inlet of the test section, the measured temperature is 
significantly higher than the pure refrigerant saturation temperature inferred from 
the pressure reading. The model predicts the higher measured temperature at the 
inlet of the test section, thus showing that the higher temperature is the result of 
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the increased oil concentration in the liquid portion of the mixture. For low qualities 
at the exit of the test section, the measured temperature and the pure refrigerant 
saturation temperature are about the same. Again this refrigerant/lubricant mixture 
temperature is explained in terms of the solubility model. 
Solubility data are also applied to an evaporation test case for a mixture of HFC-
134a and the 169 SUS ester lubricant. Figure 5.9 shows the temperatures of the inlet 
and outlet water and refrigerant streams. The larger temperature difference in the 
refrigerant line, as compared with the condensation test case, is duetto much larger 
pressure drops for evaporation. 
The temperatures in the refrigerant-line are shown in Figure 5.10 on an expanded 
scale for the evaporator. Of special note is the relatively small effect the lubricant has 
on the temperatures in the refrigerant line. This is partially due to the 80% quality 
which only gives a 20% lubricant concentration in the liquid phase at the exit of the 
evaporator. In addition, the lubricant concentration at these low pressures has less 
of an effect on the saturation temperature as can be seen in Figure 5.4. 
Using the proposed model and based on the above examples, the temperature of 
the refrigerant in the test section can be predicted and, thus, an accurate log-mean 
temperature difference can be determined. The effect of adjusting the log-mean tem­
perature difference on determining heat transfer coefficients in a smooth tube is shown 
in Table 5.4. The table shows adjusted and unadjusted evaporation and condensation 
heat transfer coefficients over a range of mass fluxes for HFC-134a and 169 SUS ester 
lubricant mixtures. The data were obtained for a 5% circulating lubricant concentra­
tion. The results show that condensation heat transfer coefficients in the smooth tube 
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Figure 5.7: Temperature profiles for typical condensation case 
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Figure 5.10: Temperature profiles in the refrigerant tube for typical evaporation 
case 
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Table 5.4: Heat transfer coefficients {WIrrP'K) for HFC-134a/169 SUS ester-m in a 
smooth tube at a 5% lubricant concentration 
Mass Flux 
125 200 300 375 
Evaporation Adjusted 2097 2338 3088 4430 
Unadjusted 1996 2261 3000 4252 
Condensation Adjusted 1672 2145 2519 2950 
Unadjusted 1810 2311 2675 3108 
the smooth tube were increased by about 6%. Similar tends are found when adjust­
ing the micro-fin tube results for the presence of refrigerant/lubricant mixtures. The 
only difference being that the magnitude of the adjustments are larger due the lower 
LMTD's typically found with the micro-fin tube. 
Conclusion 
Solubility data were presented for all refrigerant/lubricant mixture pairs used in 
this study. The solubility data ranged in lubricant concentration from 0% to 50% 
over a temperature range of -5 °C to 40 °C . The solubility data were used to model 
a refrigerant/lubricant mixture flowing in a tube as typically found in evaporators 
and condensers. The solubility data were able to predict changing saturation tem­
peratures in the tube as quality increased thus changing the lubricant concentration 
in the liquid phase. It was also shown how the solubility data can be applied to 
a counterflow heat exchanger in order to obtain an accurate log-mean temperature 
difference when a refrigerant/lubricant mixture is present. 
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CHAPTER 6. SMOOTH TUBE RESULTS WITH MIXTURES OF 
CFC-12 AND AN NAPHTHENIC LUBRICANT 
Heat transfer and pressure drop results are presented for CFC-12/naphthenic oil 
mixtures during evaporation and condensation in a smooth tube. A 150 SUS and 
300 SUS naphthenic oil was tested with CFC-12. The heat transfer and pressure 
drop performance of CFC-12 is important because it represent a baseline from which 
HFC-134a results can be judged. Specifically, HFC-134a is considered a replacement 
refrigerant for CFC-12 in many systems, therefore, the designer is often concerned 
with the performance of HFC-134a relative to the current refrigerant CFC-12. 
Smooth tube heat transfer coefficients and pressure drops are of interest because 
many refrigeration systems have smooth tube sections in the evaporator or condenser. 
Additionally, the smooth tube serves as an important reference from which the per­
formance of the micro-fin tube can be judged. The dimensions of the smooth tube 
used during testing are shown in Table 6.1. A 9.52 mm outside diameter tube was 
selected because it is commonly used in industry. 
The experimental test conditions were selected to cover as broad a range of 
refrigeration systems as experimentally possible. The average saturation temperature 
for evaporation was 1 °C and the average saturation temperature for condensation 
was 40 °C . Heat transfer coefficients and pressure drops were determined over a 
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Table 6.1: Smooth tube dimensions 
Inside Diameter, mm 8.0 
Outside Diameter, mm 9.5 
Wall Thickness , mm 0.76 
Table 6.2: Test conditions for CFC-12/naphthenic lubricant mixtures 
Evaporation Condensation 






Pressure 0.35 MPa LOO MPa 
Mass flux 85-375 kg/m^-3 85-375 kglrn^'S 
Quality in 5-10% 80-88% 
Quality out 80-88% 05-15 % 
Lubricant Concentration 0% - 4.9% 0% - 4.9% 
mass flux range of 85 kgfm^'S to 375 kgfm^'S . A summary of the experimental 
conditions are listed in Table 6.2. The experimental data are given in Appendix C 
Tables C.17, C.19, C.21, and C.23. 
The smooth tube heat transfer coefficients for pure CFC-12 and mixtures of 
CFC-12 and the naphthenic oils are presented first, followed by a review of smooth 
tube pressure drops. Heat transfer coefficients or pressure drops are presented versus 
mass flux showing the efl'ect of lubricant concentration and mass flux. The effect 
of lubricant concentration is quantified further by forming heat transfer coefficient 
ratios (i.e., enhancement factors, EF) or pressure drops ratios (i.e., penalty factors, 
PF). Enhancement factors and penalty factors are formed by dividing the refriger­
ant/lubricant mixture results by the pure refrigerant results at the same mass flux. 
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Definitions of heat transfer enhancement factors and pressure drop penalty factors 
and the subscripts used with each are given in Chapter 4. EF and PF are plotted ver­
sus lubricant concentration for each mass flux. Smooth tube pure refrigerant results 
are also compared with the appropriate correlations presented in Chapter 2. 
Heat Transfer 
The heat transfer coefficients for evaporation and condensation of CFC-12/naph-
thenic oil mixtures are presented in this section. The heat transfer coefficients re­
ported are average heat transfer coefficients over the 3.66 m long test tube. One 
important point should be made on the relationship between mass flux and heat 
flux as variables in this study. Since the quality change across the test tube is held 
constant, the heat flux must vary directly with mass flux. As a consequence, heat 
transfer coefficients at different mass fluxes are based on different heat flux values. 
This becomes an important issue when comparing results with other investigators. 
Simply comparing heat transfer coefficients or ratios of heat transfer coefficients from 
two investigations can be misleading if all system variables such as heat flux and mass 
flux are not varied in the same manner. For example, when determining average heat 
transfer coefficients from local heat transfer coefficients many authors use one heat 
flux value over the range of mass fluxes. Care must be taken when comparing results 
from different authors to ensure that the type of comparisons being made are similar. 
All heat transfer coefficients reported in this chapter and later chapters have 
been adjusted for the presence of lubricant using the methods discussed in Chapter 
5. The addition of lubricant to a pure refrigerant causes the vapor pressure relation­
ship to vary from that of a pure refrigerant. The in-tube saturation temperature is 
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predicted from the measured saturation pressure and the known liquid-phase lubri­
cant concentration. Specifically, solubility equations which were developed for each 
refrigerant/lubricant mixture are used to predict the average saturation temperature. 
Evaporation 
Evaporation heat transfer coefficients for mixtures of CFC-12 and the 150 SUS 
naphthenic oil are shown in Figure 6.1, while Figure 6.2 shows the evaporation heat 
transfer coefficients for mixtures of CFC-12 and the 300 SUS lubricant. The lines 
shown on the figures are least squares curve fits of the heat transfer coefficients at 
each lubricant concentration. The lines are not intended to model the results but 
instead are used to help identify trends and form ratios. The heat transfer coefficients 
shown in Figures 6.1 and 6.2 increase with mass flux. For pure HFC-134a, the heat 
transfer coefficients range from 1800 Wlm^-K at a mass flux of 125 kgfm^'S to 
3600 W/m^-K at a mass flux of 375 kg/m^-s . Lubricant concentration appears to 
have little effect on the heat transfer coefficients below a lubricant concentration of 
2.4% for the 150 SUS lubricant, while for the 300 SUS lubricant, the heat transfer 
coefficients begin to drop off after a 1.2% lubricant concentration. 
The heat transfer enhancement factor EF^/is presented in Figure 6.3 for mix­
t u r e s  o f  C F C - 1 2  a n d  t h e  1 5 0  S U S  o r  3 0 0  S U S  n a p h t h e n i c  l u b r i c a n t .  T h e  E F ^ / r a t i o  
which is formed by dividing the refrigerant/lubricant mixture heat transfer coeffi­
cients by the pure refrigerant heat transfer coefficients at the same mass flux. The 
least square curve flts shown on Figures 6.1 and 6.2 were used to form the ratio. 
For the 150 SUS mixture, the EFyvalues ranged from 1.0 to 1.05 for lubricant 
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Figure 6.1: Measured evaporation heat transfer coefficients for mixtures of CFC-12 
and a 150 SUS naphthenic lubricant 
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Figure 6.2: Measured evaporation heat transfer coefficients for mixtures of CFC-12 
and a 300 SUS naphthenic lubricant 
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Figure 6.3: Evaporation heat transfer enhancement factor (EF^/) as a function 
of lubricant concentration 
EF^//s dropped off to about 0.82 to 0.75. With the higher viscosity 300 SUS 
lubricant, EFyis below 1.0 over the whole range of lubricant concentrations tested. 
The EF^/ratio for the 300 SUS lubricant is 0.80 to 0.75 at a 4.9% lubricant con­
c e n t r a t i o n .  M a s s  f l u x  d o e s  n o t  a p p e a r  t o  h a v e  a  s i g n i f i c a n t  e f f e c t  o n  E F ^ / .  
Previous studies with refrigerant lubricant mixtures, presented in Chapter 2, 
revealed trends similar to those seen here. Eckels et al. [2] studied CFC-12 in the 
same heat transfer rig used in this study. For a mixture of CFC-12 and a 150 SUS 
naphthenic oil, the smooth tube heat transfer coefficients were shown to increase by 
0% to 5% in the lubricant concentration range of 0% to 2.4%, while at a lubricant 
concentration of 5.0%, the heat transfer coefficients were degraded by about 50%. The 
larger reduction in the heat transfer coefficient at the higher lubricant concentrations 
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was a result of not accounting for the effect lubricant concentration has on the vapor 
pressure relationship. Malek [15] found that smooth tube heat transfer coefficients 
for mixtures of CFC-12 and a mineral oil increased by 15% at a 2.5% lubricant 
concentration. Malek also noted a degradation of the heat transfer at higher lubricant 
concentrations. 
In a study comparing the effect of a 150 SUS and 300 SUS lubricant on the 
smooth tube heat transfer coefficient of HCFC-22, Schlager et al. [5] found that 
the higher viscosity 300 SUS lubricant decreased the performance of HCFC-22 as 
compared to the 150 SUS lubricant results. Similar tends were found in this study 
with the two different viscosity lubricants tested. Schlager et al. found much larger 
enhancements in evaporation heat transfer at the small lubricant concentrations (15% 
to 35%) as compared to the 0% to 5% found in this study. This could be caused by 
the different refrigerant/lubricant mixtures being tested. 
The smooth tube heat transfer coefficients for pure CFC-12 are compared to 
evaporation correlations presented in Chapter 2. Correlations of Shaw [38], Kandlikar 
[39], Chaddock-Brunemann [40], Gungor-Winterton [42], and Jung-Radermacher [41] 
were used. Figure 6.4, which compares the experimental heat transfer coefficient 
with the predicted values, shows that the experimental heat transfer coefficients were 
predicted within ± 20% for all correlation except that of Gungor-Winterton. A 
detailed analysis comparing deviations between the correlation predictions and the 
experimental results is presented in Table 6.3. The table shows the average deviation 
between the correlation and experimental results and the standard deviations. The 
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Table 6.3: Comparison of evaporation heat transfer correlations with experimental 
results of CFC-12 
Mean Deviation Standard Deviation 
(%) {Wlm^-K )  
Shah 6.03 153 
Kandlikar 9.52 377 
Chaddock-Brunemann 6.37 204 
Gungor-Winterton 26.84 691 
J ung- Rader macher 8.96 353 
Luu-Winterton 32.02 861 
average deviation is defined by 
Mean deviation = 
Y^abs  '  hcorr—hexp \  '  
.  hcorr  J  
n  
X 100 (6.1) 
and the standard deviation by 
Std = {hcorr  — hexp)  
2l  0.5 
(6.2) 
The Shah correlation and the Chaddock-Brunemann correlation give the lowest aver­
age and standard deviations. Either correlation could be used to correlate the smooth 
tube heat transfer coefficients for CFC-12 presented here. 
Condensation 
Condensation heat transfer coefficients for the CFC-12/naphthenic lubricant 
mixture are shown in Figure 6.5. The heat transfer coefficients increase with mass 
flux and decrease with increased lubricant concentration. Pure refrigerant heat trans­
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Figure 6.5: Measured condensation heat transfer coefficients for mixtures of CFC-12 
and a 150 SUS naphthenic lubricant 
2300 Wlrn^-K at a mass flux of 375 kg /m^-s  . The condensation heat transfer 
coefficients for mixtures of CFC-12 and the 300 SUS naphthenic lubricant are shown 
in Figure 6.6. The addition of the 300 SUS lubricant also causes decreases in the 
heat transfer coefficients as compared to those of the pure refrigerant. 
Figure 6.7 shows the effect lubricant concentration has on the condensation heat 
transfer enhancement factors. The EF^/ratio is shown to be below 1.0 for all 
lubricant concentrations tested. The effect of lubricant viscosity appears to be small. 
For example, the EF^/at a 4.9% lubricant concentration ranges from 0.91 to 0.87 
for the 150 SUS lubricant and from 0.85 to 0.82 for the 300 SUS lubricant. The figure 
also shows that the effect from mass flux is small. 
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Figure 6.6: Measured condensation heat transfer coefficients for mixtures of CFC-12 
and a 300 SUS naphthenic lubricant 
lar results. Eckels and Pate [2] reported condensation heat transfer coefficients for 
mixtures of CFC-12 and a 150 SUS naphthenic lubricant that decreased by 15% at 
a 5% lubricant concentration. Tichy et al. [24] reported that for CFC-12/mineral oil 
mixtures the addition of oil decreased the condensation heat transfer coefficients by 
23% at a 5% lubricant concentration. 
Schlager et al. [5] studied the effect of lubricant viscosity on smooth tube heat 
transfer coefficient of HCFC-22. Schlager found similar results for the 150 SUS and 
the 300 SUS naphthenic lubricants tested with HCFC-22. For example, at a 5% 
lubricant concentration, both the 150 SUS and 300 SUS had approximately a 15% 
reduction in condensation heat transfer coefficients. All previous investigations cited 
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Figure 6.7: Condensation heat transfer enhancement factor (EF^/) as a function 
of lubricant concentration 
The experimentally determined condensation heat transfer coefficients for pure 
CFC-12 are compared to condensation correlations of Shah [45], Travis et al. [44], 
Cavallini-Zecchin [43], and Kaushik-Azer [46] in Figure 6.8. The comparison shows 
that the correlations of Shah, Travis et al., and Cavallini-Zecchin, all underpredict 
the heat transfer coefficients at low mass fluxes and overpredict at the higher mass 
fluxes. The correlations of Kaushik-Azer consistently underpredicted the experimen­
tal results. A list of the mean deviations and the standard deviations between the 
predicted results and the experimental results is given Table 6.4. The table shows 
that the correlation of Shah gives the lowest mean and standard deviation. 
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Figure 6.8: Comparison of condensation heat transfer coefficients for CFC-12 with 
predicted values 
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Table 6.4: Comparison of condensation heat transfer correlations with experimental 





Shah 14.20 278 
Travis et al. 16.73 361 
Cavallini-Zecchin 15.58 354 
Kaushik-Azer 26.46 538 
Pressure Drop 
The evaporation and condensation pressure drops are presented for mixtures of 
CFC-12 and naphthenic lubricants. The naphthenic lubricant was tested at viscosity 
levels of 150 SUS and 300 SUS. Lubricant concentrations of 0.0%, 1.2%, 2.4%, and 
4.9% were tested with both viscosity lubricants. The reported pressure drops are the 
total pressure drop over the 3.66 m long test tube. 
Evaporation 
Evaporation pressure drops for the CFC-12/naphthenic oil mixtures are shown 
in Figures 6.9 and 6.10. The results for mixtures of CFC-12 and the 150 SUS lubri­
cant, Figure 6.9, shows the evaporation pressure drops increasing with mass flux and 
lubricant concentration. Similar trends are found with the 300 SUS lubricant shown 
in Figure 6.10. The pure CFC-12 pressure drops range from 4.5 kPa at a mass flux 
of  130  kg /m^-s  to  37  kPa  a t  a  mass  f lux  o f  385  kg /m^-s  .  
Figure 6.11 presents the pressure drops penalty factor (PFy) for the two 
lubricant mixtures. The PF /, ratio is shown to increase with lubricant concentra-
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Figure 6.9: Measured evaporation pressure drops for mixtures of CFC-12 and a 150 
SUS naphthenic lubricant 
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Figure 6.10: Measured evaporation pressure drops for mixtures of CFC-12 and a 
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Figure 6.11: Evaporation pressure drop penalty factor (PP^/) as a function of 
lubricant concentration 
tion for both viscosity lubricants. The effect of lubricant viscosity is relatively small 
below a lubricant concentration of 2.4%, while at a 4.9% lubricant concentration, the 
higher viscosity lubricant has higher PF^/values. The higher mass fluxes also have 
lower PFj/values for both lubricant mixtures. For example, at a 4.9% lubricant 
concentration, the 150 SUS lubricant has PF^/values of 1.36 at a mass flux of 300 
kg/m^-s and 1.45 at a mass flux of 200 kg(m^-s , while the 300 SUS lubricant has 
PF^/values of 1.51 at a mass flux of 300 kg/m^-s and 1.71 at a mass flux of 200 
kgfrn^-s  .  
Previous investigations with CFC-12/lubricant mixtures have reported increased 
evaporation pressure drops with increased lubricant concentration. Tichy et al. [17] 
reported that CFC-12 evaporation pressure drops increased by about 80% at a 5% 
EVAPORATION PRESSURE DROP 
CFG-1Z WITH A 150 SUS AND 300 SUS NAPHTHENIC 
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mineral oil concentration. Pierre [21] measured a 50% increase in CFC-12 pressure 
drops at lubricant concentrations that ranged from 5% to 10%. Eckels [8] found that 
evaporation pressure drops for mixtures of CFC-12 and a 150 SUS naphthenic oil 
increased by 70% to 90% at a 5.4% lubricant concentration, 
Schlager [3] reported evaporation pressure drops for mixtures of HCFC-22 and 
two different viscosity naphthenic lubricants. Schlager reported PF^/ ratios that 
ranged from 1.1 to 1.15 at a mass flux of 400 kg/m^-a , while at a mass flux of 
200 kg/m^-s , the PF^/ratio ranged from 1.2 to 1.6. These results also confirm 
that mass flux has an effect on PFyratio. The 300 SUS lubricant had 10% higher 
PF^//5 than the 150 SUS lubricant over the range of lubricant concentrations 
tested. 
Evaporation pressure drops are compared to pressure drop correlations to de­
termine which correlations accurately predicted the experimental results. Frictional 
pressure drops correlations of Lockhart-Martinelli [50], Chisholm [52], Dukler [49], 
and the Homogeneous model were used each with each of the five void fraction mod­
els presented in Chapter 2. Figure 6.12 compares the experimental results with each 
of the frictional pressure drop correlations. The figure shows that the frictional pres­
sure drops correlations of Lockhart-Martinelli and Dukler give the best prediction 
of the experimental results. The correlation of Chisholm consistently overpredicts 
the pressure drops and the Homogeneous model consistently underpredicts pressure 
drops. A detailed analysis of deviations between the experimental results and those 
predicted by the correlations are given in Table 6.5. The table shows that the fric­
tional pressure drop correlation of Lockhart-Martinelli in combination with the void 
fraction model of Thom gives the lowest standard deviation and average deviation. 
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Figure 6.12: Comparison of evaporation pressure drop for CFC-12 with predicted 
values 
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Table 6.5; Comparison of pressure drop correlations with experimental evaporation 
results of CFC-12 




Homogen. 1 Homogeneous 46.30 10.51 
Homogen. 3 Homogeneous 49.35 11.11 
Lock.-Mart. Lock.-Mart. 8.25 2.19 
Lock.-Mart. Baroczy 8.12 2.15 
Lock.-Mart. Thom 7.87 2.08 
Lock.-Mart. Zivi 7.97 2.10 
Lock.-Mart. Turner-Wallis 7.98 2.10 
Chisholm Lock.-Mart. 228.56 25.68 
Chisholm Baroczy 228.77 25.72 
Chisholm Thom 229.19 25.79 
Chisholm Zivi 229.02 25.76 
Chisholm Turner-Wallis 229.11 25.78 
Dukler Lock.-Mart. 22.55 5.42 
Dukler Baroczy 23.44 5.59 
Dukler Thom 17.48 4.47 
Dukler Zivi 22.46 5.39 
Dukler Turner-Wallis 21.70 5.23 
Condensation 
Pressure drops for mixtures of CFC-12 and the naphthenic lubricants during 
condensation are shown in Figures 6.13 and 6.14. The condensation pressure drops 
for both lubricant mixtures increase with mass flux and show slight increases with 
lubricant concentration. For the pure CFC-12, the pressure drops range from 0.5 kPa 
at a mass flux of 130 kgjm^-s to 6.0 kPa at 373 kgjvn^-s . One note should be made, 
at the lower mass fluxes the absolute value of the pressure drops is on the same order 
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Figure 6.13: Measured condensation pressure drops for mixtures of CFC-12 and a 
150 SUS naphthenic lubricant 
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Figure 6.14: Measured condensation pressure drops for mixtures of CFC-12 and a 
300 SUS naphthenic lubricant 
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2.5 
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Figure 6.15: Condensation pressure drop penalty factor (PFy) as a function of 
lubricant concentration 
care must be taken when drawing conclusions from these results. 
The condensation pressure drop penalty factor (PFy) for the 150 SUS and 
300 SUS naphthenic oil is shown in Figure 6.15. At the two mass fluxes shown, the 
PFg//s is above 1.0 over the whole range of lubricant concentrations tested. 
The PF^/values, which do not appear to depend on lubricant concentration or 
viscosity, range from 1.0 to 1.4. The majority of the PFyvalues fall in the 1.0 to 
1.25 range. 
Previous condensation pressure drop studies with CFC-12/lubricant mixtures 
have also shown similar results. Tichy et al. [24] reported a 6% increase in con­
densation pressure drops at a 5% lubricant concentration. Eckels [8] found 0% to 
10% increases in condensation pressure drops of CFC-12 over a 0% to 5% lubricant 
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concentration range. The results of these previous studies show that increases in 
pressure drops of CFC-12/lubricant mixtures may be expected. The increases found 
in this study were slightly larger than those found in previous studies. It is also noted 
that at the higher mass fluxes where absolute values of pressure drop are larger and 
thus the associated experimental uncertainties are low the agreement is better. 
Schlager [3] reported decreases in condensation pressure drops as lubricant con­
centration increased in HCFC-22. The 150 SUS and the 300 SUS naphthenic oils 
tested with HCFC-22 both showed decreases in condensation pressure drops. The 
results of that study indicate that the condensation pressure drop characteristics of 
refrigerant/lubricant mixtures are very dependent on the refrigerant/lubricant pair 
being tested. 
Condensation pressure drops for pure CFC-12 were compared to the predictions 
from correlations of Lockhart-Martinelli [50], Chisholm [52], Dukler [49], and the Ho­
mogeneous model. Figure 6.16 shows that the Dukler correlation is the most accurate 
predictor of condensation pressure drops. It is also shown that all correlations over-
predict the lowest pressure drops values. A detailed comparison of the correlation 
predictions and experimental results is shown in Table 6.6. The results shown in 
the table confirm that the Dukler correlation in combination with the Baroczy void 
fraction model is the most accurate having a standard deviation of 1.40 kPa. 
Conclusions 
Evaporation and condensation heat transfer coefficients and pressure drops were 
presented for mixtures of CFC-12 and naphthenic oils in a smooth tube. The naph­
thenic oil was tested at viscosity levels of 150 SUS and 300 SUS. The heat transfer 
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Figure 6.16: Comparison of condensation pressure drops for CFC-12 with predicted 
values 
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Table 6.6: Comparison of pressure drop correlations with experimental condensa­
tion results of CFC-12 




Homogen. 1 Homogeneous 56.90 1.67 
Homogen, 3 Homogeneous 56.22 1.77 
Lock.-Mart. Lock.-Mart. 246.36 3.93 
Lock.-Mart. Baroczy 243.85 3.86 
Lock.-Mart. Thom 243.05 3.85 
Lock.-Mart. Zivi 243.26 3.85 
Lock.-Mart. Turner-Wallis 245.04 3.89 
Chisholm Lock.-Mart. 1043.73 10.80 
Chisholm Baroczy 1041.23 10.74 
Chisholm Thom 1040.42 10.73 
Chisholm Zivi 1040.63 10.73 
Chisholm Turner-Wallis 1042.41 10.77 
Dukler Lock.-Mart. 149.01 1.74 
Dukler Baroczy 132.57 1.40 
Dukler Thom 144.3 1.64 
Dukler Zivi 136.6 1.48 
Dukler Turner-Wallis 140.14 1.56 
coefficients and pressure drops were experimentally determined over a mass flux range 
of 85 kgfm^'S to 375 kgfm^'S and a lubricant concentration range of 0% to 4.9%. 
A summary of the general conclusions are given below. 
1. Evaporation heat transfer coefficients were decreased by the addition of lubri­
cant in all cases except the low lubricant concentration range of the 150 SUS 
lubricant. At lubricant concentrations of 0% to 3% with the 150 SUS lubricant, 
a 0% to 10% increase in evaporation heat transfer coefficients was observed. 
The heat transfer coefficients decreased by 15% to 25% at a 4.9% lubricant 
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concentration for both lubricants. 
2. Condensation heat transfer coefficients were degraded by the addition of either 
viscosity lubricant. At a 4.9% lubricant concentration, heat transfer coefficients 
were degraded by 10% to 18% for both lubricants. 
3. Evaporation pressure drops increased with the addition of either lubricant. A 
30% to 50% increase in pressure drops were observed at a 5% lubricant concen­
tration. 
4. Condensation pressure drops were increased by 0% to 40% over the range of 
lubricant concentration tested for both he 150 SUS lubricant and the 300 SUS 
lubricant. 
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CHAPTER 7. MICRO-FIN TUBE RESULTS WITH MIXTURES OF 
CFC-12 AND AN NAPHTHENIC LUBRICANT 
Micro-fin tubes, as evaluated herein, are characterized by numerous small fins 
that spiral down the inside of a tube. Micro-fin tubes are available commercially in 
geometries that have 50 to 70 fins per tube, fin heights of 0.10 mm to 0.20 mm, and 
spiral angles of 8° to 30°. The fin tip and valley shape can vary with the manu­
facturer, being either flat, sharp, or rounded. The particular micro-fin tube selected 
for testing in this study is commonly used in the refrigeration and air-conditioning 
industries. The micro-fin tube has triangular fins with rounded peaks. The valley 
separating the fins are flat. The micro-fin tube dimensions are listed in Table 7.1. 
Heat transfer coefficients and pressure drops were measured during evaporation 
and condensation of CFC-12/naphthenic lubricant mixtures in the micro-fin tube. 
The same two viscosity lubricants tested with CFC-12 in the smooth tube were also 
tested with CFC-12 in the micro-fin tube, namely, a 150 SUS and a 300 SUS lubricant. 
Lubricant concentrations tested were 0.0%, 1.2%, 2.4% and 4.9% for both lubricants. 
A summary of the test conditions is listed in Table 7.2. The experimental data are 
given in Appendix C Tables C.18, C.20, C.22, and C.24. 
The design of this chapter is similar to that of Chapter 6 which presented the 
smooth tube results for CFC-12/lubricant mixtures. The heat transfer coefficients 
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Table 7.1: Micro-fin tube dimensions 
Outside Diameter, mm 9.52 
Wall Thickness , mm 0.30 
Maximum inside diameter, mm 8.92 
Cross section area, mm^ 58.1 
Fin height, mm 0.2 
Spiral Angel, ° 17 
Number of fins 60 
Area ratio 1.5 
Table 7.2: Test conditions for CFC-12/naphthenic lubricant mixtures 
Evaporation Condensation 
Temperature 2 °C 40 °C 
Pressure 0.35 MPa 1.00 MPa 
Mass flux 125-375 kgfm'^-s  125-375 kgfm'^-s  
Quality in 5-10% 80-88% 
Quality out 80-88% 05-15 % 
Lubricant Concentration 0% - 4.9% 0% - 4.9% 
and pressure drops are first presented versus mass flux. The effect lubricant concen­
tration has on the performance of CFC-12 in the micro-fin tube is then shown with the 
heat transfer enhancement factor (EF^/) or pressure drop penalty factor (PF^/). 
The results are also compared with previous studies of refrigerant/lubricant mixtures 
in micro-fin tubes. 
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Heat Transfer 
The average heat transfer coefficients during evaporation and condensation of 
CFC-12/naphthenic lubricant mixtures in the micro-fin tube are presented in the fol­
lowing sections. The heat transfer coefficients reported are averaged over the 3.66-m 
long test tube. The average heat transfer coefficients for the micro-fin tube are based 
on the maximum inside diameter of the micro-tube. Specifically, the inside surface 
area used in calculating the heat transfer coefficient was based on the maximum in­
side diameter of the micro-fin tube. The mass flux is based on the refrigerant flow 
rate and the cross sectional area listed in Table 7.1. 
Evaporation 
Evaporation heat transfer coefficients for mixtures of CFC-12 and the 150 SUS 
naphthenic oil are shown in Figure 7.1. The lines shown on the graph are a least 
squares curve fit of the data at each lubricant concentration. The lines are not in­
tended to model the data but are simply useful in identifying trends and forming 
ratios. The heat transfer coefficients in the micro-fin tube are seen to increase with 
mass flux and decrease with lubricant concentration. For example, the pure refrig­
erant heat transfer coefficients range in value from 3300 W/rn^'K at a mass flux of 
120 kg/m^-s to 5700 at a mass flux of 360 kgfm^'S . These results show that the 
micro-fin tube heat transfer coefficients are significantly increased over those found 
for CFC-12 in the smooth tube. Over the same mass flux range, the smooth tube 
heat transfer coefficients ranged from 1700 WJm^-K to 3600 Wfrn^-K . A detailed 
comparison of the micro-fin tube and the smooth tube results is given in Chapter 
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Figure 7.1: Measured evaporation heat transfer coefficients for mixtures of CFC-12 
and a 150 SUS naphthenic lubricant 
300 SUS naphthenic oil. The heat transfer coefficients for the 300 SUS mixture also 
decrease with lubricant concentration. 
The heat transfer enhancement factor (EF^/) for the CFC-12/lubricant mix­
tures in the micro-fin tube is shown in Figure 7.3. The EF^/ratio is formed 
by dividing the refrigerant/lubricant mixture heat transfer coefficients by the pure 
refrigerant heat transfer coefficients at the same mass flux. Figure 7.3 shows that 
EF^//^ is below 1.0 for both lubricant mixtures over the range of lubricant concen­
trations tested. At a 4.9% lubricant concentration, the 150 SUS naphthenic oil has 
EF^//^ values that range from 0.50 to 0.60, while for the 300 SUS naphthenic oil, 
the EF^/values range from 0.60 to 0.70. Mass flux does not appear to have a 
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Figure 7.2: Measured evaporation heat transfer coefficients for mixtures of CFC-12 
and a 300 SUS naphthenic lubricant 
flux has higher BF^/values. 
The effect of lubricant concentration on micro-fin tube heat transfer coefficients 
is similar to the effect found on the smooth tube heat transfer. For the smooth 
tube, the heat transfer coefficients were decreéised with the addition of lubricant 
for all cases except the 150 SUS mixture at the low lubricant concentrations. In 
addition, lubricant concentration appears to degrade the heat transfer performance 
o f  t h e  m i c r o - f i n  t u b e  m o r e  t h a t  t h e  s m o o t h  t u b e .  F o r  e x a m p l e ,  t h e  E F ^ / v a l u e s  
were 0.82 to 0.75 for the smooth tube at a 5% lubricant concentration, while the 
micro-fin tube had EF^/values of 0.7 to 0.5 at a 5% lubricant concentration. 
Schlager et al. [31] reported results for mixtures of HCFC-22 and a 150 SUS 
or a 300 SUS naphthenic lubricant. Additions of 150 SUS naphthenic lubricant 
increased the micro-fin tube heat transfer coefficients for HCFC-22 by about 10% 
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Figure 7.3: Evaporation heat transfer enhancement factor (EF^/) as a function 
of lubricant concentration 
over a lubricant concentration range of 0% to 2.5%, while at a higher lubricant 
concentration of 5%, the heat transfer coefficients were degraded. The 300 SUS 
lubricant decreased the micro-fin tube heat transfer coefficients over the whole range 
of lubricant concentrations tested. The present study found decreases in heat transfer 
coefficients at all lubricant concentrations tested with both viscosity lubricants. 
Condensation 
The micro-fin tube heat transfer coefficients during condensation of CFC-12/150 
SUS naphthenic lubricant mixtures are shown in Figure 7.4. The heat transfer coeffi­
cients increase with mass flux and decrease with lubricant concentration. Figure 7.5 
shows that condensation heat transfer coefficients for mixtures of CFC-12 and the 
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Figure 7.4: Measured condensation heat transfer coefficients for mixtures of CFC-12 
and a 150 SUS naphthenic lubricant 
300 SUB naphthenic oil exhibit the same trends. The pure refrigerant heat transfer 
coefficients, shown in both figures, range from 4200 W/m^-K to 5400 W/m^-K over 
a mass flux range of 120 kgjrr?-a to 360 kgjm^-s , respectively. 
The effect of lubricant concentration on the condensation heat transfer coeffi­
cients of CFC-12 is shown in Figure 7.6. The EF^/ ratio is below 1.0 over the whole 
range of lubricant concentrations tested. For example, the EF^/values range from 
0.78 to 0.92 at a 4.9% lubricant concentration for both lubricant mixtures. The figure 
also shows that the higher mass fluxes have higher EF^/values. In addition, the 
lower viscosity 150 SUS lubricant appears to have lower EF^/values. This is partly 
due to the adjustments made for solubility effects. Specifically, the 150 SUS lubricant 
has larger increases in saturation temperature with lubricant concentration, there­
fore, when used to adjust heat transfer coefficients the 150 SUS results are decreased 
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Figure 7.5: Measured condensation heat transfer coefficients for mixtures of CFC-12 
and a 300 SUS naphthenic lubricant 
more than the 300 SUS results. Prior to adjustment, the EF^/ratios for the two 
lubricants were approximately the same. 
The effect of lubricant concentration on the smooth tube heat transfer coefficients 
of CFC-12 was similar to that of the micro-fin tube presented above. For example, the 
EF^/1^ values at a 5% lubricant concentration ranged from 0.82 to 0.91 in the smooth 
tube, while in the micro-fin tube, EF^/values ranged from 0.78 to 0.92. Schlager 
et al. [31] found that for condensation of HCFC-22 the micro-fin tube heat transfer 
coefficients were degraded by addition of either a 150 SUS or a 300 SUS lubricant. At 
a 5% lubricant concentration, they found a reduction in the heat transfer coefficients 
of approximately 16% for both viscosity lubricants. 
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Figure 7.6: Condensation heat transfer enhancement factor (EF^/) as a function 
of lubricant concentration 
Pressure Drop 
In this section, micro-fin tube pressure drops during evaporation and condensa­
tion of CFC-12/naphthenic oils mixtures are presented. The 150 SUS and 300 SUS 
viscosity lubricants were tested. The pressure drops reported are total pressure drops 
over the 3.66-m long tube. The evaporation pressure drops in the micro-fin tube are 
presented first, followed by the condensation pressure drops. 
Evaporation 
The evaporation pressure drops for mixtures of CFC-12 and the 150 SUS naph-
thenic oil are shown in Figure 7.7. Pressure drop increases with mass flux and 
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Figure 7.7: Measured evaporation pressure drops for mixtures of CFC-12 and a 150 
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Figure 7.8: Measured evaporation pressure drops for mixtures of CFC-12 and a 300 
SUS naphthenic lubricant 
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Figure 7.9: Evaporation pressure drop penalty factor (PF^/^)asa function of 
lubricant concentration 
naphthenic oil exhibit similar tends. The pure refrigerant pressure drops in the micro-
fin tube are about 5 kPa at a mass flux of 124 kglm^-s and 35 kPa at a mass flux 
of  360  kg/m^-s  .  
Figure 7.9 presents the pressure drop penalty factor, PF^/, for mixtures of 
CFC-12 and the naphthenic lubricant. The figure shows that PF^/increases as 
lubricant concentration increases. For example, at a 4.9% lubricant concentration, 
both lubricants have PF^/values of 1.4 at a mass flux of 200 kg/rr î^-s  and 1.25 
at a mass flux of 300 kg/rn^-s  . The PF // ratio at a lubricant concentration 
a' /a  
of 2.4% ranges from 1.05 to 1.15. The effect of lubricant viscosity appears to be 
negligible. The effect of mass flux only appears to be significant at the highest 
lubricant concentration. 
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The smooth tube results presented in Chapter 6 for mixtures of CFC-12 and 
naphthenic oils had more significant increases in pressure drop with lubricant con­
centration. For example, the smooth tube at a 5% lubricant concentration had 
PFy 1^ values that ranged from 1.36 to 1.71. Schlager [3] reported 10% to 40% 
increases in evaporation pressure drops for the micro-fan tube at a 5% lubricant con­
centration with r HCFC-22/naphthenic lubricant mixtures. The results of the present 
study are in close agreement with those of Schlager. 
Condensation 
The pressure drops during condensation of CFC-12/150 SUS naphthenic lubri­
cant mixtures are shown in Figure 7.10, while Figure 7.11 presents pressure drops 
for the CFC-12/300 SUS naphthenic oil mixture. The pressure drops shown in both 
figures increase with mass flux and show an increasing trend with lubricant concen­
tration. The pure refrigerant pressure drops in the micro-fin tube range from 0.7 kPa 
a t  a  mass  f lux  of  120  kglrn^-s  to  8 .5  kPa  a t  a  mass  f lux  of  370  kg/m^-s  .  
The ratio is shown for the CFC-12/lubricant mixtures in Figure 7.12. 
The figure shows that pressure drops are not significantly affected by the addition 
of either lubricant. The values range from 1.0 to 1.12 for both lubricants 
at a mass flux of 300 kg/m^-s  .  At a mass flux of 200 kg/m^-s  , the 150 SUS 
mixture EF^/^^ ratio falls below 1.0 at lubricant concentrations of 2.4% and 4.9%. 
In general, the condensation pressure drops appear to increase slightly with lubricant 
concentration. 
The effect of lubricant concentration on CFC-12 pressure drops in the smooth 
tube was similar to the effect found in the micro-fin tube. In the smooth tube, the 
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Figure 7.10: Measured condensation pressure drops for mixtures of CFC-12 and a 
150 SUS naphthenic lubricant 
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Figure 7.11: Measured condensation pressure drops for mixtures of CFC-12 and a 
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Figure 7.12: Condensation pressure drop penalty factor (PF^/) as a function of 
lubricant concentration 
condensation pressure drops increased by 0% to 40% for both lubricants, while for 
the micro-fin tube, increases of 0% to 12% were found. Schlager [3] also reported 
increases in condensation pressures drops for mixtures of HCFC-22 and a 150 SUS 
or 300 SUS lubricant in the micro-fin tube. 
Conclusions 
Heat transfer coefficients and pressure drops in a micro-fin tube during evapora­
tion and condensation of CFC-12/lubricant mixtures were reported. The naphthenic 
lubricant was tested at viscosity levels of 150 SUS and 300 SUS. Lubricant concen­
trations of 0%, 1.2%, 2.4% and 4.9% were tested with both lubricants. The heat 
transfer coefficients and pressure drops were measured in a 9.52-mm outside diame-
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ter micro-fin tube over a mass flux range of 125 kgjm^-s  to 375 kglrn^-s  . A list of 
general conclusions is given below. 
1. The evaporation heat transfer coefficients were degraded by the addition of 
either lubricant. At a 4.9% lubricant concentration, evaporation heat transfer 
coefficients were decreased by 40% to 50%. 
2. Condensation heat transfer coefficients were degraded by the addition of either 
lubricant. Decreases of 8% to 22% occurred at the highest lubricant concentra­
tion. 
3. Evaporation pressure drops increased with the addition of either lubricant. The 
pressure drops increased by 25% to 40% at a 4.9% lubricant concentration. 
4. Condensation pressure drops increased with the addition of either lubricant. 
Increases ranged from 0% to 12% over the range of conditions tested. 
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CHAPTER 8. SMOOTH TUBE RESULTS FOR MIXTURES OF 
HFC-134a AND AN ESTER-M LUBRICANT 
Smooth tube heat transfer coefficients and pressure drops are presented for mix­
tures of HFC-134a and an ester-m lubricant. Two different ester-type lubricants were 
tested in this study. The ester-type reported in this chapter is a penta erythritol es­
ter mixed-acid (ester-m). The results for the second ester-type lubricant tested with 
HFC-134a are reported in Chapters 10 and 11. The ester-m lubricant was tested at 
viscosities of 169 SUS and 369 SUS. The range of test conditions used during these 
tests is shown in Table 8.1. The dimensions of the smooth tube are listed in Table 
8.2. The experimental data are given in Appendix C Tables C.l, C.3, C.5, and C.7. 
The heat transfer coefficients during evaporation and condensation are presented 
and discussed first. Next, the results for evaporation and condensation pressure 
drops are discussed. For each series of tests, the effect of lubricant concentration is 
quantified by forming heat transfer enhancement factors (EFy) or the pressure 
drop penalty factors (PFy). EF^/or PF^is formed by dividing the results 
for the refrigerant/lubricant mixtures by the results for the pure refrigerant at the 
same mass flux. The pure refrigerant results are also compared with the smooth tube 
correlations presented in Chapter 2. 
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Table 8.1: Test conditions for HFC-134a/ester lubricant mixtures 
Evaporation Condensation 





Pressure 0.35 MPa 1.00 MPa 
Mass flux 85-375 kgfm^-s  85-375 kglm^'S 
Quality in 5-10% 80-88% 
Quality out 80-88% 05-15 % 
Lubricant concentration 0% - 5% 0% - 5% 
Table 8.2: Smooth tube dimensions 
Inside Diameter, mm 8.0 
Outside Diameter, mm 9.5 
Wall Thickness , mm 0.76 
Heat Transfer 
Heat transfer coefficients during evaporation and condensation in the smooth 
tube were measured for pure HFC-134a and for mixtures of HFC-134a and an ester-
m lubricant. For the 169-SUS ester-m lubricant, lubricant concentrations of 0.5%, 
1.0%, 1.9%, 2.9%, and 5.0% were tested, while the 369-SUS ester lubricant was tested 
at lubricant concentrations of 0.6%, 1.1%, 2.4%, 5.0%. The heat transfer coefficients 
reported are averaged over the 3.66-m long test tube. In addition, the heat transfer 
coefficients were adjusted with solubility data to account for the effect lubricant 
concentration has on the relationship as discussed in Chapter 5. 
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Evaporation 
Heat transfer coefficients during evaporation of the HFC-134a/169 SUS ester-m 
lubricant mixture are shown in Figure 8.1. The lines shown on the figure are a least 
squares curve fit of the data at each lubricant concentration. The heat transfer co­
efficients for the HFC-134a/169 SUS ester-m mixture are about equal to or slightly 
higher than the pure refrigerant heat transfer coefficient below a lubricant concen­
tration of 2.9%, while at a higher lubricant concentration of 5%, the heat transfer 
coefficients are degraded as compared to the pure refrigerant results. The heat trans­
fer coefficients also increase with mass flux. For example, the pure HFC-134a heat 
transfer coefficients range from about 1500 W/m^-K at a mass flux of 85 kg/m^-s to 
about 5200 W/m^-K at a mass flux of 375 kglm^-a . Figure 8.2 presents the heat 
transfer coefficients for mixtures of HFC-134a and the 369 SUS ester-m lubricant 
mixture. The heat transfer coefficients for 369 SUS mixture are shown to decrease 
with lubricant concentration and increase with mass flux. 
Figure 8.3 presents the heat transfer enhancement factor EF^/for both refrig­
erant/lubricant mixtures. The least square lines shown on Figures 8.1 and 8.2 were 
used to form the EFy ratio. Figure 8.3 shows that the viscosity of the lubricant 
does have a significant effect on the performance of the refrigerant/lubricant mixture. 
Specifically, the 169 SUS ester-m lubricant has small increases in EF^/ratio at the 
lower lubricant concentrations and then falls below 1 at the highest lubricant concen­
t r a t i o n ,  w h i l e  t h e  3 6 9  S U S  e s t e r - m  l u b r i c a n t  s h o w  a  c o n t i n u a l  d e c r e a s e  o f  E F ^ / w i t h  
increased lubricant concentrations. For the 169 SUS ester-m lubricant, the maximum 
EF^/value is about 1.1 which occurs at a 1.9% lubricant concentration and a min­
imum EF„/ / value of 0.75 at a 5% lubricant concentration. The EF /, ratio for 
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Figure 8.1: Measured evaporation heat transfer coefficients for mixtures 
HFC-134a and a 169 SUS ester-m lubricant 
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Figure 8.2: Measured evaporation heat transfer coefficients for mixtures 
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Figure 8.3: Evaporation heat transfer enhancement factor (EF^/) as a function 
of lubricant concentration 
the 369 SUS ester-m lubricant continually decreases to values of about 0.72 at a 5% 
lubricant concentration. 
The smooth tube evaporation heat transfer coefficients for CFC-12/naphthenic 
oil mixtures, presented in Chapter 6, showed similar results to those found above. 
For example, the CFC-12/150 SUS naphthenic mixture had modest increases in heat 
transfer coefficients at the lower lubricant concentrations and decreases in the heat 
transfer coefficients at the highest lubricant concentration. The CFC-12/300 SUS 
naphthenic mixture had degraded heat transfer coefficients over the whole range of 
lubricant concentrations tested. The EF^/ratio for CFC-12 ranged from 0.80 to 
0.75 for both lubricants at a 5% lubricant concentration, which is similar to the 0.75 
to 0.72 EFg/range found for the HFC-134a/ester-m mixtures at a 5% lubricant 
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concentration. 
Eckels and Pate [7] reported smooth tube heat transfer coefficients during evap­
oration of HFC-134a/150 SUS polyalkylene glycol (PAG) mixtures. They found that 
evaporation heat transfer coefficients were increased by about 10% for lubricant con­
centrations ranging from 1.1% to 2.4%, while at a 5% lubricant concentration, the 
heat transfer coefficients were degraded by about 50%. The drop off at the high lu­
bricant concentration was much larger than that found with the HFC-134a/ester-m 
lubricant mixtures. Eckels and Pate did not account for the solubility effects with the 
HFC-134a/PAG mixture so the larger drop off at the higher lubricant concentrations 
could be expected. 
Torikoshi and Kawabata [11] also reported increased heat transfer coefficients for 
HFC-134a when PAG lubricants were added to the system. They found a maximum 
increase of 30%, which occurred at a 3% lubricant concentration. These results show 
larger enhancements in heat transfer coefficients than found in this study, but the 
general trends are in agreement. Hambraeus [6] found that the effect of a PAG 
lubricants mixed with HFC-134a was very dependent on the heat flux applied to the 
tube. Hambraeus found that above heat fluxes of 6 the addition of lubricant 
always decreased the heat transfer coefficients. In this study, heat fluxes ranged from 
7 kWfm^ to 30 kWlrr?. 
The evaporation heat transfer coefficients of pure HFC-134a in the smooth tube 
are compared with correlations of Shah [38], Kandlikar [39], Chaddock-Brunemann 
[40], Gungor-Winterton [42], and Jung-Radermacher [41]. Figure 8.4 compares the ex­
perimental heat transfer coefficients with the predicted heat transfer coefficients. The 
figure shows that the experimental heat transfer coefficients were predicted within 
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Table 8.3: Comparison of evaporation heat transfer correlation with experimental 
results of HFC-134a 
Mean Deviation Standard Deviation 
(%) {Wlm'^'K )  
Shah 11.5 397 
Kandlikar 4.5 251 
Chaddock-Brunemann 9.6 331 
Gungor-Winterton 19.5 570 
Jung-Radermacher 3.8 168 
Luu-Winterton 36.6 1424 
±20 by all correlations except the Gungor-Winterton correlation. Table 8.3 shows 
the mean deviation and the standard deviation of the correlation predictions with 
the experimental data. The mean deviation is defined by 
'  hcorr~he 
Mean deviation = 
n 
X 100 (8.1) 
and the standard deviation by 
Std = Z)  {hcorr  ~  hexp^ 
21 0.5 
(8.2) 
The Kandlikar and Jung-Radermacher correlations give the lowest mean and standard 
deviations with the experimental data. Either correlation could be used to predict 
the evaporation heat transfer coefficients of HFC-134a in the smooth tube. 
Condensation 
The heat transfer coefficients for mixtures of HFC-134a and the 169 SUS ester-
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Figure 8.5: Measured condensation heat transfer coefficients for mixtures of 
HFC-134a and a 169 SUS ester-m lubricant 
increase with mass flux and decrease with lubricant concentration. For example, at a 
mass flux of 130 kg/m^'S the heat transfer coefficients range from 1900 W/mP'-K for 
pure HFC-134a to 1650 W/rn^-K at a 5.0% lubricant concentration, while at a mass 
flux of 370 kgfm^-s , the heat transfer coefficients range from 3100 W/m^'K for pure 
refrigerant to 2900 Wlm^-K at a 5.0% lubricant concentration. Figure 8.6 shows the 
condensation heat transfer coefficients for the HFC-134a/369 SUS ester-m lubricant 
mixtures. The heat transfer coefficients for HFC-134a/369 SUS ester-m mixture also 
increase with mass flux and decrease with lubricant concentration. 
The effect of lubricant concentration and lubricant viscosity is shown in Figure 
8.7. The figure shows the EF^/ratio as a function of lubricant concentration at 
mass fluxes of 200 kgjwP'-s and 300 kg/m^-s . The ratio decreases as the 
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Figure 8.6; Measured condensation heat transfer coefRcients for mixtures of 
HFC-134a and a 369 SUS ester-m lubricant 
lubricant concentration increases for both the 169 SUS and 369 SUS lubricant. The 
results show no significant differences between the two different viscosity lubricants. 
For example, at a 5.0% lubricant concentration, the EF^/ratio is about 0.90 for 
the 169 SUS ester-m and about 0.87 for the 369 SUS ester-m. In addition. Figure 8.7 
s h o w s  t h a t  m a s s  f l u x  d o e s  n o t  h a v e  a  s i g n i f i c a n t  e f f e c t  o n  t h e  E F ^ / r a t i o .  
The CFC-12/naphthenic lubricant mixtures, presented in Chapter 6, also had 
decreased heat transfer coefficients in the smooth tube with the addition of either 
the 150 SUS or the 300 SUS naphthenic lubricant. At a 5% lubricant concentration, 
the CFC-12 EF^/y^ ratio ranged from 0.91 to 0.82 for both lubricants, while the 
HFC-134a EF^/ratio presented above had values from 0.90 to 0.87. 
Previous results for condensation heat transfer coefficients of HFC-134a and lu-
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Figure 8.7; Condensation heat transfer enhancement factor (EF^/) as a function 
of lubricant concentration 
bricant mixtures have shown mixed trends. Fukushima and Kudou [9] reported a 
28% decrease in condensation heat transfer coefficients of HFC-134a/PAG mixtures 
at a 6% lubricant concentration. Torikoshi and Kawabata [11] found no significant 
change in the condensation heat transfer coefficients of HFC-134a/PAG mixtures up 
to a lubricant concentration of 5.5%. The differences in these results are quite dra­
matic. Eckels and Pate [7] found decreases of up to 15% for HFC-134a/150 SUS 
PAG mixtures at a 5% lubricant concentration. The results of this study support 
qualitatively the results of Fukushima and Kudo and those of Eckels and Pate. An 
explanation of Torikoshi and Kawabata's results could lie in their neglecting solu­
bility effects when determining the condensation heat transfer coefficients. If effects 
of lubricant concentration are not accounted for, the measured condensation heat 
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Table 8.4: Comparison of condensation heat transfer correlations with experimental 




[Wlm^'K )  
Shah 16.68 419 
Travis et al. 22.47 637 
Cavallini-Zecchin 21.00 586 
Kaushik-Azer 26.22 615 
transfer coefficients would be higher than the actual value. 
The condensation heat transfer coefficients for HFC-134a are compared with the 
correlations of Shah [45], Travis et al. [44], Cavallini-Zecchin [43], and Kaushik-
Azer [46]. Figure 8.8 shows that none of the condensation correlations accurately 
predict condensation heat transfer coefficients measured in this study. Table 8.4 gives 
numerical values for the mean deviation and the standard deviation. The correlation 
of Shah gives the lowest average deviation of 16% and the lowest standard deviation of 
419 W/m^'K . Of special note, the correlation of Kaushik-Azer is the only correlation 
which accurately predicts the effect of mass flux. Specifically, the correlation is 
consistently 25% lower than the experimental results. The other correlations predict 
low at the low mass fluxes and high at the higher mass fluxes indicating that the 
mass flux dependence is not accurately formulated in the correlation. 
Pressure Drop 
Pressure drops during evaporation and condensation of HFC-134a/ester-m lu­
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Figure 8.9: Measured evaporation pressure drops for mixtures of HFC-134a and a 
169 SUS ester-m lubricant 
ester-m type lubricant was tested at viscosity levels of 169 SUS and 369 SUS. The 
169-SUS ester-m lubricant was tested at lubricant concentrations of 0.5%, 1.0%, 
1.9%, 2.9%,and 5.0%, while the 369-SUS ester-m lubricant was tested at lubricant 
concentrations of 0.5%, 1.1%, 2.4%, 5.0%. 
Evaporation 
Figures 8.9 and 8.10 present the evaporation pressure drops in the smooth tube 
for HFC-134a/169 SUS ester-m mixtures and for HFC-134a/369 SUS ester-m mix­
tures. The pressure drops are shown to increase with mass flux and lubricant concen­
tration for both lubricant mixtures. The pure refrigerant pressure drops range from 
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Figure 8.10: Measured evaporation pressure drops for mixtures of HFC-134a and a 
369 SUS ester-m lubricant 
Pressure drop penalty factors (PF^/) for mixtures of HFC-134a and the ester-
m lubricant are shown in Figure 8.11. The ratio increases with lubricant 
concentration for both lubricant mixtures. For example, at a 5% lubricant concen­
tration and a mass flux of 200 kg/m^-s , PF^/ratio is about 1.5 for the 169 SUS 
es te r  and  about  1 .6  for  the  369 SUS es te r .  At  a  h igher  mass  f lux  of  300  kg/m^-s  ,  
the PFyratio is generally 10% to 20% lower than the PFyratio at a mass flux 
of  200  kg/m^-s  .  
The addition of lubricant also increased evaporation pressure drops of CFC-12 
in the smooth tube, as was seen in Chapter 6. The PFyratio for CFC-12 at a 
5.0% lubricant concentration ranged from 1.36 for the 150 SUS oil to 1.71 for the 








Figure 8.11: Evaporation pressure drop penalty factor (PF^/) as a function of 
lubricant concentration 
viscosity lubricants have higher PP^/values. 
Fukushima and Kudo [9] reported a 120% increase in evaporation pressure drops 
for mixtures of HFC-134a and a PAG lubricant at a 10% lubricant concentration. 
Eckels [8] reported 50% to 110% increases in pressure drops during evaportion of 
HFC-134a/PAG mixtures at 5% lubricant concentration. Torikoshi and Kawabata 
[11] also reported increases in evaporation pressure drops for HFC-134a and PAG 
mixtures, although no specific magnitudes were reported. These results are in general 
agreement with the results presented above. 
Evaporation pressure drops were compared with frictional pressure drop corre­
lations of Lockhart-Martinelli [50], Chisholm [52], Dukler [49], and the Homogeneous 
model. Each frictional pressure drop correlations utilized each of the five void frac­
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tion models outlined in Chapter 2. Figure 8.12 compares predicted pressure drops 
from a sample of the correlations with the measured evaporation pressure drops for 
HFC-134a. The correlations of Lockhart-Martinelli and Dukler are shown to cor­
relate the results within ±25%. A closer examination of these results is shown in 
Table 8.5. The table gives the average deviations and the standard deviation for all 
the correlations predictions with the experimental results. The Lockhart-Martinelli 
correlation combined with the Thom void fraction model gives the lowest standard 
deviation of 0.44 kPa. In general, the correlations of either Lockhart-Martinelli or 
Dukler would be sufficiently accurate to predict the experimental results. 
Condensation 
Condensation pressure drops for mixtures of HFC-134a and the 169 SUS ester-m 
lubricant are shown in Figure 8.13. The condensation pressure drops increase with 
lubricant concentration and mass flux. The pressure drops for pure HFC-134a range 
f rom 0 .26  kPa  a t  a  mass  f lux  of  125  kg/m^-s  to  7 .4  kPa  a t  a  mass  f lux  of  375  kg/m^-s  ,  
while At a 5% lubricant concentration, the pressure drops range from 2.92 kPa at a 
mass flux of 125 kgfm^-s to 10 kPa at a mass flux of 375 kgfm^-s . Figure 8.14 gives 
the condensation pressure drops for mixtures of HFC-134a and the 369 SUS ester-m 
lubricant. The pressure drops for this refrigerant/lubricant pair also increase with 
mass flux but in general decrease with lubricant concentration. 
The effect of lubricant concentration on condensation pressure drop is quantified 
in Figure 8.15. The PF^/ratio for the 169 SUS ester-m lubricant increases with 
lubricant concentration with values ranging from 2.0 to 1.4 at a 5% lubricant concen­
tration. For the 369 SUS ester-m lubricant, the PF^/ratio decreases with lubricant 
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Figure 8.13: Measured condensation pressure drops for mixtures of HFC-134a and 












100 200 300 








Figure 8.14: Measured condensation pressure drops for mixtures of HFC-134a and 
a 369 SUS ester-m lubricant 
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Table 8.5: Comparison of pressure drop correlations with experimental evaporation 
results of HFC-134a 




Homogen. 1 Homogeneous 39.05 8.99 
Homogen. 3 Homogeneous 42.87 9.73 
Lock.-Mart. Lock.-Mart. 6.15 0.51 
Lock.-Mart. Baroczy 7.21 0.57 
Lock.-Mart. Thorn 6.69 0.44 
Lock.-Mart. Zivi 6.79 0.47 
Lock.-Mart. Turner-Wallis 11.23 1.39 
Chisholm Lock.-Mart. 351.64 31.84 
Chisholm Baroczy 354.76 32.45 
Chisholm Thorn 353.49 32.20 
Chisholm Zivi 353.92 32.29 
Chisholm Turner-Wallis 359.08 33.30 
Dukler Lock.-Mart. 14.99 4.60 
Dukler Baroczy 13.54 3.52 
Dukler Thorn 10.61 2.60 
Dukler Zivi 13.73 3.56 
Dukler Turner-Wallis 9.72 2.30 
concentration to values of about 0.5 to 0.75 at a 5% lubricant concentration. 
Mixtures of CFC-12 and the naphthenic lubricants, presented in Chapter 6, had 
increased condensation pressure drops with the addition of either lubricant. The 
EF^/values for CFC-12 ranged from 1.0 to 1.4 over the range of lubricant con­
centrations tested for both lubricants. Fukushima and Kudou [9] reported increases 
in condensation pressure drop for HFC-134a/PAG lubricant mixtures. At a 10% lu­
bricant concentration, the pressure drops were increased by about 60%. Torikoshi 
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Figure 8.15: Condensation pressure drop penalty factor (PF^/) as a function of 
lubricant concentration 
pressure drop with mixtures of HFC-134a and a PAG lubricant. These previous 
studies conducted on condensation pressure drops of HFC-134a/lubricant mixtures 
in smooth tubes show a large variations in results. The results of the presents study 
also shows that dramatic differences can results when two different viscosity lubri­
cants are tested. No general theory is available to explain these trends, but the 
variations are probably due to changes in flow patterns caused by the addition of 
lubricant. 
Condensation pressure drops are compared with pressure drop correlations of 
Lockhart-Martinelli [50], Chisholm [52], Dukler [49], and the Homogeneous model in 
combination with each of the five void fraction models given in Chapter 2. A sample 
of the correlations are compared with the experimental results in Figure 8.16. The 
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Table 8.6: Comparison of pressure drop correlations with experimental condensa­
tion results of HFC-134a 




Homogen. 1 Homogeneous 45.52 2.54 
Homogen, 3 Homogeneous 45.30 2.70 
Lock.-Mart. Lock.-Mart. 183.47 3.32 
Lock.-Mart. Baroczy 181.47 3.26 
Lock.-Mart. Thom 181.20 3.24 
Lock.-Mart. Zivi 181.17 3.24 
Lock.-Mart. Turner-Wallis 182.43 3.29 
Chisholm Lock.-Mart. 1091.27 10.54 
Chisholm Baroczy 1089.27 10.48 
Chisholm Thom 1089.00 10.47 
Chisholm Zivi 1088.98 10.47 
Chisholm Turner-Wallis 1090.24 10.51 
Dukler Lock.-Mart. 108.01 1.11 
Dukler Baroczy 96.49 0.85 
Dukler Thom 107.45 1.09 
Dukler Zivi 99.96 0.92 
Dukler Turner-Wallis 102.72 0.98 
results show that all correlations overpredict the condensation pressure drops in the 
low range. A detailed comparison of the correlations with the experimental results 
is given in Table 8.6. The Homogeneous model and Dukler model give the lowest 
standard deviation. The Homogeneous model gives the most accurate predictions 
below a mass flux of 125 kg/m^'3 , while the Dukler correlation is the most accurate 
above a mass flux of 125 kglm^-s as shown in Figure 8.16. 
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Smooth tube heat transfer coefficients and pressure drops were presented for 
mixtures of HFC-134a and a penta erythritol ester mixed acid (ester-m) during evap­
oration and condensation. The ester-m lubricant was tested at viscosity levels of 169 
SUS and 369 SUS. The heat transfer coefficients and pressure drops were experimen­
tally determined over a mass flux range of 85 kg/m^'S to 375 kgfm^-s and a lubricant 
concentration range of 0% to 5%. A summary of the general conclusions are given 
below. 
1. Evaporation heat transfer coefficients were decreased by the addition of lubri­
cant in all cases except the low lubricant concentration range of the 169 SUS 
lubricant. At the lubricant concentrations of 0% to 3% with the 169 SUS lu­
bricant, a 0% to 10% increase in heat transfer coefficients was observed. 
2. The condensation heat transfer coefficients were decreased by the addition of 
either lubricant. At a 5% lubricant concentration, heat transfer coefficients 
decreased by 10% to 15% for both lubricants. 
3. Evaporation pressure drops were increased by the addition of either lubricant. 
Increases of 40% to 50% were observed at a 5% lubricant concentration. 
4. Condensation pressure drops were increased by the addition of the 169 SUS 
ester-m lubricant and decreased by the addition of the 369 SUS ester-m lubri­
cant. 
145 
CHAPTER 9. MICRO-FIN TUBE RESULTS WITH MIXTURES OF 
HFC-134a AND AN ESTER-M LUBRICANT 
Heat transfer coefficients and pressure drops during evaporation and condensa­
tion were measured for mixtures of HFC-134a and a penta erythritol ester mixed acid 
(ester-m) lubricant in the micro-fin tube. The dimensions of the micro-fin tube are 
listed in Table 9.1. The micro-fin tube is a standard production micro-fin tube, which 
was also used with the CFC-12/naphthenic oil mixture tests presented in Chapter 7. 
The ester-m type lubricant was tested at viscosity levels of 169 SUS and 369 
SUS. For the 169 SUS ester-m lubricant, lubricant concentrations of 0%, 0.5%, 1.0%, 
1.9%, 2.9%, and 5.0% were tested, while the 369 SUS lubricant was tested at lubri­
cant concentrations of 0.0%, 0.6%, 1.1%, 2.4%, and 5.0%. The range of conditions 
used during these tests are shown in Table 9.2. The experimental data are given in 
Appendix C Tables C.2, C.4, C.6, and C.8. 
Heat Transfer 
The average micro-fin tube heat transfer coefficients during evaporation and 
condensation mixtures of HFC-134a and the ester-m lubricant are reported in the 
following paragraphs. The average heat transfer coefficients reported are based on the 
maximum inside diameter of the micro-fin tube. The mass flux reported is calculated 
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Table 9.1: Micro-fin tube dimensions 
Outside Diameter, mm 9.52 
Wall Thickness , mm 0.30 
Maximum inside diameter,mm 8.92 
Cross section area, mm^ 58.1 
Fin hfeight, mm 0.2 
Spiral Angel, ° 17 
Number of fins 60 
Area ratio 1.5 
Table 9.2: Test conditions for HFC-134a/ester lubricant mixtures 
Evaporation Condensation 







Pressure 0.35 MPa 1.00 MPa 
Mass flux 85-375 kgjrn^-s  85-375 kglrn^'S  
Quality in 5-10% 80-88% 
Quality out 80-88% 05-15 % 
Lubricant concentration 0% - 5% 0% - 5% 
from the refrigerant flow rate and the cross sectional area listed in Table 9.1. 
Evaporation 
The heat transfer coefficients for mixtures of HFC-134a and the 169 SUS ester-
m lubricant are shown in Figure 9.1. The heat transfer coefficients increase with 
mass flux. For example, heat transfer coefficients for pure HFC-134a are about 3800 
Wjrn^-K at a mass flux of 85 kgfm^-s and increase to about 7100 Wfm^-K at 
375 kg/m^'S . Lubricant concentration also has a significant effect on evaporation 
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Figure 9.1: Measured evaporation heat transfer coefficients for mixtures of 
HFC-134a and a 169 SUS ester-m lubricant 
heat transfer coefficients. Specifically, the heat transfer coefficients are augmented 
for the lubricant concentrations below 3% and degraded at the highest lubricant 
concentration of 5%. Figure 9.2 presents the heat transfer coefficients for mixtures 
of HFC-134a and 369 SUS ester-m lubricant. The heat transfer coefficients for this 
refrigerant/lubricant mixture are degraded at all lubricant concentrations. 
Figure 9.3 shows the heat transfer enhancement factor EF^/versus lubricant 
concentration for both refrigerant/lubricant mixtures. For the 169 SUS ester-m lu­
bricant, EF^/values ranges from 1.0 to 1.15 for lubricant concentrations of 0% to 
2.9%, while at a 5.0% lubricant concentration, the EF / / ratio falls off to about 
' a' / a 
0.90. The EF^/ratio for the 369 SUS ester decreases continually with lubricant 
concentration to a value of 0.85 at a 5.0% lubricant concentration. Figure 9.2 also 
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Figure 9.2: Measured evaporation heat transfer coefficients for mixtures of 
HFC-134a and a 369 SUS ester-m lubricant 
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Figure 9.3: Evaporation heat transfer enhancement factor (EFy) as a function 
of lubricant concentration 
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The effect of lubricant concentration on the performance of HFC-134a in the 
micro-fin tube is almost identical to the results found for the HFC-134a/ester-m mix­
tures in the smooth tube, presented in Chapter 8. The 169 SUS lubricant mixture 
had slight enhancements in smooth the heat transfer coefficient at the low lubricant 
concentration and degraded heat transfer coefficients at the highest lubricant con­
centration, while the higher viscosity 369 SUS lubricant had decreased smooth tube 
heat transfer coefficients over the whole lubricant concentration range tested. 
The GFC-12/naphthenic oil mixtures tests in the micro-fin tube, presented in 
Chapter 7, show slightly different results than the HFC-134a/ester-m mixtures pre­
sented above. For CFC-12, the addition of either the 150 SUS or 300 SUS naphthenic 
oil decreased the evaporation heat transfer coefficients. At a 5% lubricant concentra­
tion, the EF^/ ratio for CFC-12 ranged from 0.50 to 0.70. Torikoshi and Kawabata 
[11] tested HFC-134a/PAG lubricant mixtures in the micro-fin tube. They a found 
a slight augmentation of the heat transfer coefficients in the micro-fin tube over the 
whole range of lubricant concentrations tested. 
Condensation 
The condensation heat transfer coefficient for mixtures of HFC-134a and the 
169 SUS ester-m lubricant are shown in Figure 9.4. The heat transfer coefficients 
are shown to increase with mass flux and decrease with lubricant concentration. The 
heat transfer coefficients for pure HFC-134a range from 5600 W/m^-K at a mass 
flux of 125 kgfm^-s to 6800 W/m^-K at a mass flux of 375 kgfm^-s . Figure 9.5 
presents the condensation heat transfer coefficients for mixtures of HFC-134a and the 
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Figure 9.4: Measured condensation heat transfer coefficients for mixtures of 
HFC-134a and a 169 SUS ester-m lubricant 
mixtures also decrease with lubricant concentration and increase with mass flux. 
The effect of lubricant concentration on condensation heat transfer coefficients 
is shown in Figure 9.6. The EF^/ratio decreases with lubricant concentration for 
both viscosity lubricants. For example, at a 5.0% lubricant concentration, EF^/ ra­
tio ranges from about 0.80 to 0.86 for both lubricants. Lubricant viscosity and mass 
f l u x  d o  n o t  a p p e a r  t o  h a v e  a  s i g n i f i c a n t  e f f e c t  o n  t h e  E F ^ / r a t i o .  
The effect of the ester-m lubricant on condensation heat transfer in the micro-
fin tube is similar to the trends found with these two lubricants in the smooth tube. 
The smooth tube heat transfer coefficients also decreased as lubricant concentration 
increased for both lubricants. The EF^/ratios for the micro-fin tube are slightly 
lower than the EF^/ratio in the smooth tube at a 5% lubricant concentration. 
The results for CFC-12/naphthenic oil mixtures in the micro-fin tube, presented 
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Figure 9.5: Measured condensation heat transfer coefficients for mixtures of 
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Figure 9.6: Condensation heat transfer enhancement factor (EF^/) as a function 
of lubricant concentration 
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in Chapter 7, also showed decreases in condensation heat transfer coefficients as 
lubricant concentration increased. At a 5% lubricant concentration, the CFC-12 
EF^//a ranged from 0.78 to 0.90 for the 150 SUS and 300 SUS naphthenic 
oil. Torikoshi and Kawabata [11] tested HFC-134a/PAG lubricant mixtures in the 
micro-fin tube and found decreases in the condensation heat transfer coefficients over 
the whole range of lubricant concentrations tested. At a 6% lubricant concentration, 
the EF^/ values from Torikoshi and Kawabata results appears to be about 0.76 at 
a  mass  f lux  of  186  kgfm^-s  .  
Pressure Drop 
The evaporation and condensation pressure drops for mixtures of HFC-134a and 
ester-m lubricant in the micro-fin tube are presented in this section. The pressure 
drops reported are the total pressure drops over the 3.66-m long test tube. 
Evaporation 
The evaporation pressure drops for mixtures of HFC-134a and the two different 
viscosity ester-m lubricants are presented in Figures 9.7 and 9.8. The pressure drops 
increase with lubricant concentration and mass flux for both refrigerant/lubricant 
mixtures. For the pure refrigerant, the pressure drops range from 3.3 kPA at a mass 
f lux  o f  85  kg lm^-s  t o  43  kPa  a t  mass  f l ux  o f  375  kg/n f i - s  .  
The pressure drop penalty factors (PF^/) for the 169 SUS and the 369 SUS 
lubricants mixtures are shown in Figure 9.9. The PF^/ratio indicates that evap­
oration pressure drops increase steadily as lubricant concentration increases. At a 
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Figure 9.7: Measured evaporation pressure drops for mixtures of HFC-134a and a 
169 SUS ester-m lubricant 
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Figure 9.8: Measured evaporation pressure drops for mixtures of HFC-134a and a 
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Figure 9.9: Evaporation pressure drop penalty factor (PF^/) as a function of 
lubricant concentration 
Mass flux and lubricant viscosity do not appear to have a significant effect on the 
P V /a  
The smooth tube heat transfer coefficient for HFC-134a/ester-m lubricant mix­
tures showed the same trends as the micro-fin tube results presented above. Specif­
ically, the PFy ratio for the smooth tube ranged from 1.4 to 1.6 at a 5% lubri­
cant concentration, while the micro-fin tube PFyratio ranged from 1.3 to 1.5 
at the same lubricant concentration. Micro-fin tube tests with mixtures of CFC-12 
and naphthenic oil, presented in Chapter 7, also had increased evaporation pressure 
drops as lubricant was added to the system. At a 5% lubricant concentration, the 
PF^/1^ ratio ranged from 1.25 to 1.40 for the 150 SUS and 300 SUS naphthenic lubri­
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Figure 9.10: Measured condensation pressure drops for mixtures of HFC-134a and 
a 169 SUS ester-m lubricant 
Condensation 
Condensation pressure drops for HFC-134a/ester-m lubricant mixtures are pre­
sented in Figures 9.10 and 9.11. The pressure drops increase with mass flux for both 
lubricants tested. For the 169 SUS ester-m lubricant, the condensation pressure drops 
increased with lubricant concentration, while for the 369 SUS lubricant, the pressure 
drops decreased with lubricant concentration. 
The condensation pressure drop penalty factor PF^/for the HFC-134a/ester-m 
lubricant mixtures is given in Figure 9.12. The PFy ratio for the 169 SUS ester-
m lubricant mixture increases with lubricant to values of about 1.25 to 1.50 at a 
l u b r i c a n t  c o n c e n t r a t i o n  o f  5 . 0 % .  F o r  t h e  3 6 9  S U S  e s t e r - m  m i x t u r e ,  t h e  P F ^ / r a t i o  
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Figure 9.11: Measured condensation pressure drops for mixtures of HFC-134a and 
a 369 SUS ester-m lubricant 
lubricant concentration. The effect of mass flux on the PF^/ratio appears to be 
small. 
The smooth tube tests with mixtures of HFC-134 and the ester-m lubricants, 
presented in Chapter 6, had trends similar to those found with the micro-fin tube test. 
The PFg/y g ratio increased with the 169 SUS ester-m lubricant and decreased with 
the 369 SUS ester-m lubricant. The micro-fin tube tests with mixtures of CFC-12 and 
naphthenic oils, presented in Chapter 7, had increased PF^/ratios at all lubricant 
concentrations. As discussed previously, the effect of lubricant concentration on 
condensation pressure drops is very dependent on the refrigerant/lubricant mixture 
pair being tested. 
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Figure 9.12: Condensation pressure drop penalty factor (PF^/) as a function of 
lubricant concentration 
Conclusions 
Heat transfer coefficients and pressure drops during evaporation and condensa­
tion were reported for mixtures of HFC-134a and ester-m lubricants. The ester-m 
lubricant was tested at viscosity levels of 169 SUS and 369 SUS. The heat transfer co­
efficients and pressure drops were measured over a mass flux range of 125 kg/m^-s to 
375 kg/m^-s and a lubricant concentration range of 0% to 5%. A list of the general 
conclusions is given below 
1. The evaporation heat transfer coefficients were enhanced at the low lubricant 
concentrations with the 169 SUS lubricant, while at the highest lubricant con­
centration heat transfer coefficients were degraded. For the 369 SUS lubricant, 
the heat transfer coefficients were degraded over the whole range of lubricant 
 
 




2. Condensation heat transfer coefficients were degraded for both lubricants over 
the range of lubricant concentration tested. A 16% to 20% decrease in heat 
transfer coefficients were measured at a 5% lubricant concentration. 
3. Evaporation pressure drops increased with the addition of either lubricant. At 
a 5% lubricant concentration, a 30% to 50% increase in pressure drops was 
measured. 
4. Condensation pressure drops increased with the addition of the 169 SUS ester-
m lubricant, while additions of the 369 SUS lubricant caused slight decreases 
in the condensation pressure drops. 
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CHAPTER 10. SMOOTH TUBE RESULTS WITH MIXTURES OF 
HFC-134a AND AN ESTER-B LUBRICANT 
Smooth tube heat transfer coefficients and pressure drops are presented for mix­
tures of HFC-134a and an ester-b lubricant. The ester-b lubricant is a penta erythritol 
ester branched-acid with a viscosity of 150 SUS. The range of experimental condi­
tions tested are given in Table 10.1. The smooth tube tested is a 9.52-mm outside 
diameter tube, which was also used in previous tests reported in Chapters 6 and 8. 
The dimensions of the smooth tube are listed in Table 10.2. The experimental data 
are given in Appendix C Tables C.9 and C.ll. 
Heat transfer coefficients during evaporation and condensation of the HFC-
134a/ester-b lubricant mixture in the smooth tube are presented first, followed by 
the pressure drops during evaporation and condensation of this mixture. The raw 
experimental data are shown as heat transfer coefficients and pressure drops versus 
mass flux. The heat transfer enhancement factors (EF^/) or pressure drop penalty 
factors (PF^/), which quantifies the effect of lubricant concentration, are also dis­
cussed. The pure refrigerant heat transfer coefficients and pressure drops are also 
compared with appropriate smooth tube correlations. 
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Table 10.1: Test conditions for HFC-134a-Ester .lubricant mixtures 
Evaporation Condensation 






Pressure 0.35 MPa 1.00 MPa 
Mass flux 85-375 kgjrn^'S  85-375 kgfrn^-3  
Quality in 5-10% 80-88% 
Quality out 80-88% 05-15 % 
Lubricant concentration 0% - 5% 0% - 5% 
Table 10.2: Smooth tube dimensions 
Inside Diameter, m 0.008 
Outside Diameter, m 0.0095 
Wall Thickness , mm 0.76 
Heat Transfer 
The heat transfer coefficients are presented for mixtures of HFC-134a and a 
150 SUS ester-b lubricant. The 150 SUS ester-b lubricant was tested at lubricant 
concentrations of 0.0%, 1.1%, 2.4% and 5.0%. The reported heat transfer coefficients 
are the average heat transfer coefficient over the 3.66-m long test tube. 
Evaporation 
The evaporation heat transfer coefficients for HFC-134a/ester-b lubricant mix­
tures are shown in Figure 10.1. The lines shown on the figure are a least squares 
curve fit of the data at each lubricant concentration. The heat transfer coefficients 
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Figure 10.1: Measured evaporation heat transfer coefficients for mixtures of 
HFC-134a and a 150 SUS ester-b lubricant 
coefficients range in value from 2300 W/m^-K at a mass flux of 130 kg/m^-s  to about 
5000 W/m^-K at a mass flux of 360 kg/m^-s . The addition of lubricant has little 
effect on heat transfer coefficients below a lubricant concentration of 2.4%, while at 
a 5% lubricant concentration, the heat transfer coefficients are significantly reduced. 
The heat transfer enhancement factors (EF^/) for the HFC-134a/ester-b lu­
bricant mixtures are presented in Figure 10.2. The EF^/ratio was formed from the 
least squares curve fits presented in Figure 10.1. Specifically, the EF^/is formed 
by dividing the heat transfer coefficients for the refrigerant/lubricant mixture by the 
pure refrigerant results at the same mass flux. The EF^/ratio is about 1.0 over the 
0% to 2.4% lubricant concentration range, while at the highest lubricant concentra­
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Figure 10.2: Evaporation heat transfer enhancement factor (EF^/) as a function 
of lubricant concentration 
to have a significant effect on the EF^/ ratio. 
The smooth tube HFC-134a/169 SUS ester-m lubricant mixture results, pre­
sented in Chapter 8, were slightly different. The HFC-134a/169 SUS ester-m lubri­
cant mixture had slight enhancements of 0% to 10% in EF^/ratio over the 0% 
to 3% lubricant concentration range, while a 5% lubricant concentration the ratio 
dropped off to about 0.75. The HFC-134a/ester-b lubricant mixture shown above 
had no enhancements in heat transfer at the low lubricant concentration range and 
a larger drop off at the highest lubricant concentration. The EF^/ratios for the 
CFC-12/150 SUS naphthenic lubricant mixture, presented in Chapter 6, were simi­
lar to those found above. The CFC-12/150 SUS naphthenic lubricant mixture had 
EF^/values of 0.8 to 0.75 at a 5% lubricant concentration. All three refriger-
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ant/lubricant mixtures have the same general trend at high lubricant concentrations 
but the EF^/ / ratios differ slightly at the low lubricant concentrations. The differ­
ence in the EF^/ ratios is probably due to variations in the refrigerant/lubricant 
interactions during evaporation. For example, one lubricant may have a higher foam­
ing tendency, thus enhancing the EF^/ratio over other lubricants. 
The pure HFC-134a evaporation heat transfer coefficients in the smooth tube 
are compared with correlations of Shah [38], Kandlikar [39], Chaddock-Brunemann 
[40], Gungor-Winterton [42], and Jung-Radermacher [41]. Figure 10.3 compares the 
experimental results and the results predicted by the correlations. The correlations of 
Kandlikar and Jung-Radermacher are the best predictors of the experimental results. 
The two correlations fit the experimental data almost exactly at the lower heat trans­
fer coefficients, but slightly overpredict at the higher heat transfer coefficients. Table 
10.3 gives the average and standard deviations between the experimental results and 
predicted results. The mean deviation is defined by 
The correlations of Kandlikar and Jung-Radermacher are shown to have the lowest 
average and standard deviations. 
Mean deviation = 
corr  
corr  
and the standard deviation by 
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Figure 10.3: Comparison of evaporation heat transfer coefficients for HFC-134a with 
predicted vakies 
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Table 10.3: Comparison of evaporation heat transfer correlations with experimental 




{Wlm'^-K )  
Shah 9.4 339 
Kandlikar 5.4 272 
Chaddock-Brunemann 7.5 262 
Gungor-Winterton 17.5 585 
J ung- Radermacher 4.6 230 
Luu-Winterton 37.6 1519 
Condensation 
Condensation heat transfer coefficients for mixtures of HFC-134 and the 150 SUS 
ester-b lubricant are presented in Figure 10.4. The heat transfer coefficients increase 
with mass flux and decrease with lubricant concentration. For example, at a mass 
flux of 123 kg/m^-s , the heat transfer coefficients range from 1925 WJm^-K for pure 
HFC-134a to 1700 W/m^-K at a 5% lubricant concentration. At a higher mass flux 
of 375 kg/m^-s , the heat transfer coefficients range from 3150 W/m^-K for pure 
HFC-134a to 2900 W/m^'K at a 5% lubricant concentration. 
The condensation heat transfer enhancement factor for the HFC-134a/ester-b 
mixtures is shown in Figure 10.5. The EF^/ratio decreases with lubricant concen­
tration and shows no significant effect with mass flux. At a 5% lubricant concentra­
tion, the EF^/ratio is about 0.86 to 0.90. 
The HFC-134a/ester-m lubricant mixture, presented in Chapter 8, had results 
almost identical to those presented above for the HFC-134a/ester-b mixture. For the 




" HEAT TRANSFER COEFFICIENT 
• HFC-134a AND 160 SUS ESTER 







•mm  ^— 
100 200 300 
mSSFLUX(kQ/m'2 3) 
400 500 
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Figure 10.5: Condensation heat transfer enhancement factor (EF^/y^)asa function 
of lubricant concentration 
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Table 10.4: Comparison of condensation heat transfer correlations with experimen­





Shah 11.7 419 
Travis et al. 19.5 637 
Cavallini-Zecchin 18.1 586 
Kaushik-Azer 24.4 615 
tion was 0.9. The CFG-12/150 SUS naphthenic oil mixture, presented in Chapter 
6, had EP^/ratios of 0.91 to 0.87 at a 5% lubricant concentration. The results 
for the three 150 SUS lubricants tested are almost exactly the same. The agreement 
between the three series of tests could indicate that lubricant viscosity, which was 
about constant, is playing the predominate role in reducing the condensation heat 
transfer coefficients. 
The pure HFC-134a condensation heat transfer coefficients are compared with 
correlations of Shah [45], Travis et al. [44], Cavallini-Zecchin [43], and Kaushik-
Azer [46] in Figure 8.7. The figure shows that none of the correlations accurately 
predict the experimental results. Correlations of Shah, Travis et al., and Cavallini-
Zecchin underpredict heat transfer coefficients in the low range and overpredict heat 
transfer coefficients in the high range. The correlation of Kaushik-Azer consistently 
underpredicts by 25%. The average and standard deviations of the experimental and 
predicted results are shown in Table 10.4. The Shah correlation has the lowest mean 
and standard deviations. 
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Figure 10.6: Comparison of condensation heat transfer coefficients for HFC-134a 
with predicted values 
169 
Pressure Drop 
Pressure drops during evaporation and condensation are given in this section 
for mixtures of HFC-134a and the 150 SUS ester-b lubricant. The ester-b lubricant 
was tested at lubricant concentrations of 0.0%, 1.1%, 2.4% and 5.0%. The reported 
pressure drops are the total pressure drop over the 3.66 m long test tube. 
Evaporation 
Figure 10.7 shows pressure drops during evaporation of the HFC-134a/ester-b 
mixture. The pressure drop increases with mass flux and lubricant concentration. 
The pure refrigerant pressure drops range in value from 6 kPa at a mass flux of 
130 kgfm^-s to 40 kPa at a mass flux of 365 kg/rn^-s , while at a 5% lubricant 
concentration pressure drops range from 8 kPa at a mass flux of 125 kgfm^-s to 45 
kPa at 350 kglrn^-s . 
The evaporation pressure drop penalty factor PFyfor HFC-134a/ester-b lu­
bricant mixtures is shown in Figure 10.8. The PF^/ratio increases steadily with 
lubricant concentration, with PF^/values of 1.7 and 1.5 at a 5% lubricant concen­
tration. The effect of mass flux on the PF^/ratio is only significant at the higher 
lubricant concentrations, with the higher mass fluxes having lower PF^/y^ values. 
The HFC-134a/169 SUS ester-m lubricant mixture, presented in Chapter 8, has 
PF^/y^ values of 1.6 and 1.4 at a 5% lubricant concentration. For the CFC-12/150 
SUS naphthenic lubricant mixture presented in Chapter 6, the PFyy^ ratio ranged 
from 1.36 to 1.45 at a 5% lubricant concentration. These results are slightly less than 
the PF^/y^ ratios given above for the HFC-134a/ester-b mixture. General conclusions 
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Figure 10.7; Measured evaporation pressure drops for mixtures of HFC-134a and a 
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Figure 10.8; Evaporation pressure drop penalty factor (PFy) as a function of 
lubricant concentration 
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random variations or by differences in the refrigerant/lubricant pairs. One conclusion 
that does hold for all three refrigerant/lubricant mixtures is that increased mass flux 
decreases the PF /, ratio. 
s '  I  s  
The pure refrigerant evaporation pressure drops are compared with predicted 
pressure drops from the correlations presented in Chapter 2. Friction pressure drop 
models of Lockhart-Martinelli [50], Chisholm [52], Dukler [49], and the Homogeneous 
model were used with each of the five void fraction models. Figure 10.9 compares 
the experimental pressure drops with a sample of the correlations.. The comparison 
indicates that the Lockhart-Martinelli and Dukler correlation give the best predic­
tions. Table 10.5 shows the mean and standard deviations between the experimental 
and predicted results. The correlation of Lockhart-Martinelli in combination with 
the Thom void fraction model gives the lowest standard deviation of 0.88 kPa. It 
is interesting to note that the choice of a void fraction model is secondary to the 
choice of a frictional pressure drop model. This should be expected because the ma­
jor contribution to total pressure drop is from frictional effects not from momentum 
change. 
Condensation 
Condensation pressure drops for the HFC-134a/150 SUS ester-b mixture are 
presented in Figure 10.10. Condensation pressure drops are shown to increase with 
mass flux. For example, the pure refrigerant pressure drops range from 0.6 kPa at 
a mass flux of 130 kgjnip'-s to 7.3 kPa at 370 kg/m^-s . The addition of lubricant 
slightly increases the condensation pressure drops in most cases. 
The condensation PF^/ratios for the HFC-134a/ester-b lubricant mixture are 
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Figure 10.9: Comparison of evaporation pressure drop for HFC-134a with predicted 
values 
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Table 10.5: Comparison of pressure drop correlations with experimental evaporation 
results of HFC-134a 




Homogen. 1 Homogeneous 43.9 10.83 
Homogen. 3 Homogeneous 47.4 11.67 
Lock.-Mart. Lock.-Mart. 4.4 0.99 
Lock.-Mart. Baroczy 4.3 0.95 
Lock.-Mart. Thom 4.0 0.88 
Lock.-Mart. Zivi 4.1 0.91 
Lock.-Mart. Turner-Wallis 4.1 0.91 
Chisholm Lock.-Mart. 226.1 33.83 
Chisholm Baroczy 226.3 33.88 
Chisholm Thom 226.7 33.96 
Chisholm Zivi 226.5 33.93 
Chisholm Turner-Wallis • 226.5 33.94 
Dukler Lock.-Mart. 20.1 4.88 
Dukler Baroczy 20.7 5.04 
Dukler Thom 14.9 3.61 
Dukler Zivi 19.7 4.80 
Dukler Turner-Wallis 19.1 4.62 
shown in Figure 10.11. The effect of lubricant concentration on the PF^/ratio 
is small with most of the values falling in the 1.1 to 1.0 range. Mass flux does not 
appear to have a significant effect on the PFy ratio. 
The HFC-134a/169 SUS ester-m lubricant mixture, presented in Chapter 8, had 
PF^/values of 1.5 to 2.0 at a 5% lubricant concentration. Mixtures of CFC-12 and 
the 150 SUS naphthenic lubricant, presented in Chapter 6, had PF^/values of 1.0 
to 1.4 over the lubricant concentration range tested. The PF^/ratios presented 
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Figure 10.10: Measured condensation pressure drops for mixtures of HFC-134a and 







Figure 10.11: Condensation pressure drop penalty factor (PF^/) as a function of 
lubricant concentration 
CONDENSATION PRESSURE DROP 
HFC-134A WITH A AND 160 SUS ESTER 
-O-
0 1 2 5 
Lubricant concentration (%) 
175 
Condensation pressure drops for the pure refrigerant are compared with pres­
sure drop correlations found in Chapter 2. Frictional pressure drop correlations of 
Lockhart-Martinelli [50], Chisholm [52], Dukler [49], and the Homogeneous model 
were used in combination with each of the five void fraction models. Figure 10.12 
compares the experimental results with a few of the possible correlations. The homo­
geneous model and Dukler correlations give the closest predictions to the experimental 
results. Table 10.6 presents the average and standard deviations for the experimental 
results and the predicted results. The homogeneous model has the lowest average 
deviation of about 30%, while the Dukler correlation has the lowest standard devia­
tion of about 1.4 kPa. The Dukler correlation in combination with the Baroczy void 
fraction model is the best overall predictor of the experimental results. The high 
average deviation for the Dukler correlation is a results of the overprediction at the 
low pressure drops, although the difference between the predictions and experimental 
results is small in absolute value the percentage difference is large. 
Conclusions 
Heat transfer coefficients and pressure drops for evaporation and condensation of 
the HFC-134a/150 SUS ester-b lubricant mixture in the smooth tube were presented. 
The 150 SUS ester-b lubricant was tested at lubricant concentrations of 0.0%, 1.1%, 
2.4% and 5.0%. The tests were conducted over a mass flux range of 125 kg/m^-s to 
375 kg/m^-s . A list of the general conclusions are given below. 
1. Evaporation heat transfer coefficients were largely unaffected by the addition 
of lubricant up to 2.4% lubricant concentration, while at a 5% lubricant con­
centration, the heat transfer coefficients were reduced by 25% to 35%. 
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Figure 10.12: Comparison of condensation pressure drops for HFC-134a with pre­
dicted values 
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Table 10.6: Comparison of pressure drop correlations with experimental condensa­
tion results of HFC-134a 




Homogen. 1 Homogeneous 30.5 2.18 
Homogen, 3 Homogeneous 35.2 2.34 
Lock.-Mart. Lock.-Mart. 139.8 3.95 
Lock.-Mart. Baroczy 137.9 3.88 
Lock.-Mart. Thom 137.5 3.86 
Lock.-Mart. Zivi 137.6 3.87 
Lock.-Mart. Turner-Wallis 138.7 3.91 
Chisholm Lock.-Mart. 579.0 11.15 
Chisholm Baroczy 577.1 11.08 
Chisholm Thom 576.7 11.07 
Chisholm Zivi 576.8 11.07 
Chisholm Turner-Wallis 577.9 11.11 
Dukler Lock.-Mart. 72.0 1.59 
Dukler Baroczy 61.1 1.23 
Dukler Thom 70.2 1.53 
Dukler Zivi 63.9 1.32 
Dukler Turner-Wallis 66.1 1.40 
2. Condensation heat transfer coefficients decreased with the addition of the lubri­
cant. At a 5% lubricant concentration, decreases of 10% to 15% were observed. 
3. Evaporation pressure drops increased with the addition of the ester-b lubricant. 
Pressure drop increased by 50% to 75% at a 5% lubricant concentration. 
4. Condensation pressure drops were increased slightly by addition of 150 SUS 
ester-b lubricant. Over the lubricant concentration range tested, pressure drop 
increased by 0% to 10% 
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CHAPTER 11. MICRO-FIN TUBE RESULTS FOR MIXTURES 
HFC-134a AND AN ESTER-B LUBRICANT 
The heat transfer and pressure drop performance of HFC-134a/ester-b mixtures 
in a micro-fin tube is presented in this chapter. The ester-b lubricant tested is a 
penta erythritol ester branched-acid with a viscosity of 150 SUS. The micro-fin tube, 
which was also used to generate results reported in Chapters 7 and 9, is a standard 
production tube used in many refrigeration applications. The dimensions of the 
micro-fin tube are listed in Table 11.1. 
The heat transfer coefficients and pressure drops in the micro-fin tube were 
determined over a mass flux range of 125 kg/m^-s to 375 kg/m^-s at lubricant 
concentrations of 0.0%, 1.1%, 2.4%, and 5.0%. The average saturation temperature 
for evaporation was 1 °C , while the average saturation temperature for condensation 
was 40 °C . A summary of the experimental conditions used in these tests is listed in 
Table 11.2. The experimental data are given in Appendix C Tables C.IO and C.12. 
The organization of this chapter is similar to that of Chapters 7 and 9. The heat 
transfer results are presented first, followed by the pressure drop results. In each 
section, the heat transfer coefficients or pressure drops of the refrigerant/lubricant 
mixture are first shown on plots versus mass flux. The raw data plots are then 
used to form the heat transfer enhancement factors (EF^/1 ) or the pressure drop 
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Table 11.1: Micro-fin tube dimensions 
Outside Diameter, mm 9.52 
Wall Thickness , mm 0.30 
Maximum inside diameter 8.92 
Cross section area, mm^ 58.1 
Fin height, mm 0.2 
Spiral Angel, ° 17 
Number of fins 60 
Area ratio 1.5 
Table 11.2; Test conditions for HFC-134a/ester lubricant mixtures 
Evaporation Condensation 






Pressure 0.35 MPa 1.00 MPa 
Mass flux 125-375 kglm^-s 125-375 kg/m^-s 
Quality in 5-10% 80-88% 
Quality out 80-88% 05-15 % 
Lubricant concentration 0% - 5% 0% - 5% 
penalty factors (PF^/), which quantifies the effect lubricant concentration has on 
performance. The EF /; and PF / ; ratios for the HFC-134a/ester-b lubricant d J d  CL j  CL 
mixture are also compared with previously reported results for HFC-134a/ester-m 
lubricant mixtures and CFC-12/naphthenic lubricant mixtures in the micro-fin tube. 
Heat Transfer 
The heat transfer coefficients during evaporation and condensation in the micro-
fin tube are presented in this section for mixtures of HFC-134a and a 150 SUS ester-b 
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lubricant. The heat transfer coefficients reported are average heat transfer coefficients 
over the 3.66 m long test tube. The micro-fin tube heat transfer coefficients are based 
on the maximum inside diameter of the micro-fin tube, while the mass flux is based 
on the cross-sectional area, both parameters are listed in Table 11.1 
Evaporation 
Figure 11.1 shows heat transfer coefficients during evaporation of the HFC-
134a/ester-b lubricant mixture in the micro-fin tube. The lines shown on the figure 
are a least squares curve fit of the data at each lubricant concentration. The heat 
transfer coefficients increase with mass flux and decrease with lubricant concentra­
tion. For example, the pure refrigerant heat transfer coefficients range in value from 
4600 Wfrr^-K at a mass flux of 128 kglm^-s to 7600 Wjrn^-K at 360 kg/m^-s for the 
pure refrigerant. At a 5% lubricant concentration, the heat transfer coefficients range 
from 3500 W/rn^-K at a mass flux of 125 kg/m^-s to to values of 7200 W/m?-K at 
a  mass f lux of  350 kg/rn^-s .  
The heat transfer enhancement factors (EF^/) for evaporation of the HFC-
134a/ester-b lubricant mixture are given in Figure 11.2. The ratio is formed from 
the least squares curve fits shown in Figure 11.1. The EF^/^^ ratio decreases with 
increased lubricant concentration, with EF^/ values of 0.93 to 0.84 at a 5% lubricant 
c o n c e n t r a t i o n .  T h e  h i g h e r  m a s s  f l u x  a l s o  h a s  c o n s i s t e n t l y  h i g h e r  E F ^ / v a l u e s .  
The HFC-134a/ester-b lubricant mixture can be directly compared with the two 
previous refrigerant/lubricant mixtures tested in the micro-fin tubes, which were 
p r e s e n t e d  i n  C h a p t e r s  7  a n d  9 .  T h e  h e a t  t r a n s f e r  e n h a n c e m e n t  f a c t o r  E F ^ / f o r  
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Figure 11.1: Measured evaporation heat transfer coefficients for mixtures of 
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Figure 11.2: Evaporation heat transfer enhancement factor (EF^/) as a function 
of lubricant concentration 
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0.5% to 3% lubricant concentration range, while at a 5% lubricant concentration, the 
EF^/1^ ratio degraded to 0.90. Mixtures of CFC-12 and the 150 SUS naphthenic 
lubricant had decreasing EF^/ values over the whole range of lubricant concentra­
tions tested. These comparisons indicate that different refrigerant/lubricant mixture 
pairs can have unique evaporation performance. Similar trends were found in the 
smooth tube. Differences in the foaming characteristics of each lubricant could be a 
possible explanation for the differences in performance. 
Condensation 
Micro-fin tube heat transfer coefficients during condensation are shown in Figure 
11.3 for mixtures of HFC-134a and the 150 SUS ester-b lubricant. The heat transfer 
coefficients increase with mass flux and decrease with lubricant concentration. Heat 
transfer coefficients for the pure refrigerant range from 5300 W/m^-K at a mass flux 
of 126 kgfm^-s to 6800 Wlm^-K at a mass flux of 370 kglm^'S . At a 5% lubricant 
concentration, the heat transfer coefficients range from 4400 W/m^-K at a mass flux 
of 123 kg/m^-s to values of 6100 W/m^-K at a mass flux of 365 kglm^-s . 
Figure 11.4 gives the heat transfer enhancement factor EF^/for condensation 
of the HFC-134a/ester-b lubricant mixture. The EF^/ratio decreases continu­
ally with increased lubricant concentration, with EF^/values of 0.87 to 0.89 at 
a 5% lubricant concentration. Mass flux does not appear to have an effect on the 
Micro-fin tube results for HFC-134a/169 SUS ester-m lubricant mixtures and 
CFC-12/150 SUS naphthenic lubricant mixtures, presented in Chapters 7 and 9, were 
similar to those found above for the HFC-134a/150 SUS ester-b lubricant mixture. 
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Figure 11.4: Condensation heat transfer enhancement factor (EFy) as a function 
of lubricant concentration 
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The HFC-134a/169 SUS ester-m mixture had EFyvalues of 0.80 to 0.87 at a 
5% lubricant concentration, while mixtures of CFC-12 and the 150 SUS naphthenic 
lubricant had EF / / values of 0.92 to 0.85 at a 5% lubricant concentration. The 
a' fa 
E F ^ / r a t i o s  f o r  t h e  t h r e e  r e f r i g e r a n t / l u b r i c a n t  m i x t u r e s  a r e  a l m o s t  i d e n t i c a l .  T h i s  
indicates that viscosity, which was approximately constant for the three mixtures, is 
playing an important role in reducing the condensation heat transfer coefficients in 
the micro-fin tube. 
Pressure Drop 
In this section, micro-fin tube pressure drops during evaporation and condensa­
tion of HFC-134a/150 SUS ester-b lubricant mixtures are presented. The pressure 
drops reported the are total pressure drop over the 3.66 m long test tube. The mass 
fluxes are based on the cross sectional area of the micro-fin tube listed in Table 11.1. 
Evaporation 
Evaporation pressure drops for mixtures of HFC-134a and the 150 SUS ester-
b lubricant are shown in Figure 11.5. The pressure drop increases with lubricant 
concentration and mass flux. Pressure drop for the pure refrigerant range from 6.5 
kPa to 40 kPa over a 125 kg/rrP'-s to 360 kgfm^-s mass flux range, respectively. 
Over the same mass flux range, the pressure drop ranges from 8 kPa to 45 kPa at a 
5% lubricant concentration. 
Pressure drop penalty factors (PF^/) for evaporation of the HFC-134a/ester-
b lubricant mixture are given in Figure 11.6. The PF^/ratio increases in a linear 
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Figure 11.5: Measured evaporation pressure drops for mixtures of HFC-134a and a 
150 SUS ester-b lubricant 
tration. Mass flux does not appear to have a significant effect on the PP^/ratio. 
The two previous refrigerants tested in the micro-tube with mixtures of a 150 
SUS lubricant showed trends similar to those found above. HPC-134a/ester-m lu­
bricant mixtures, presented in Chapter 9, had PP^/ values that increased steadily 
with lubricant concentration, with values of 1.25 to 1.4 at a 5% lubricant 
concentration. Mixtures of CFC-12 and the 150 SUS naphthenic lubricant also 
had PFQ/values that ranged from 1.25 to 1.4 at a 5% lubricant concentration. 
The HPC-134a/ester-b mixture presented above did not have as large an increase 
in evaporation pressure drop compared with the HPC-134a/ester-m mixtures and 
CPC-12/naphthenic mixture. Por example, PPyvalues of 1.2 were found at a 5% 
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Figure 11.6: Evaporation pressure drop penalty factor (PF^/) as a function of 
lubricant concentration 
Condensation 
Micro-fin tube pressure drops during condensation of the HFC-134a/ester-b mix­
ture are presented in Figure 11.7. Pressure drops are shown to increase with mass 
flux. For example, the pure refrigerant pressure drops range from 1.12 kPa at a mass 
flux of 123 kgfm^-s to 11.00 kPa at a mass flux of 365 kg/m^-s . The addition of 
lubricant in general increases the condensation pressure drops. 
Figure 11.8 shows the condensation pressure drop penalty factors (PF^/) 
for the HFC-134a/ester-b lubricant mixture. The PF^/ratio increases slightly 
with lubricant concentration. Over the range of lubricant concentrations tested, the 
PF^//a ranges from 1.0 to 1.1. These results can be compared with micro-
fin tube results for HFC-134a/ester-m lubricant mixtures and CFC-12/naphthenic 
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Figure 11.7: Measured condensation pressure drops for mixtures of HFC-134a and 
a 150 SUS ester-b lubricant 
lubricant mixtures. The CFC-12/150 SUS naphthenic lubricant mixture had almost 
identical results with PF^/^^ ratios of 1.0 to 1.12 at a 5% lubricant concentration, 
w h i l e  m i x t u r e  o f  H F C - 1 3 4 a  a n d  t h e  1 6 9  S U S  e s t e r - m  l u b r i c a n t  h a d  F F ^ / r a t i o s  
that ranged from 1.25 to 1.5 at a 5% lubricant concentration. 
Conclusions 
Micro-fin tube heat transfer coefficients and pressure drops during evaporation 
and condensation of the HFC-134a/ester-b lubricant mixture were reported. The 150 
SUS ester-b lubricant was tested at lubricant concentrations of 0.0%, 1,1%, 2.4% and 








Figure 11.8; Condensation pressure drop penalty factor (PF^/) as a function of 
lubricant concentration 
1. Evaporation heat transfer coefficients in the micro-fin tube were decreased by 
the addition of the ester-b lubricant. Heat transfer coefficients were decreased 
by 7% to 16% at a 5% lubricant concentration. 
2. Condensation heat transfer coefficients were also degraded by the addition of 
lubricant. At a 5% lubricant concentration, condensation heat transfer coeffi­
cients decreased by about 12%. 
3. Evaporation pressure drop increased with the addition of the ester-b lubricant, 
with a 20% increase at a 5% lubricant concentration. 
4. Condensation pressure drop was increased by 0% to 10% over the lubricant 
concentration range tested. 
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CHAPTER 12. HFC-134a AND ESTER-M MIXTURES IN LARGER 
DIAMETER TUBES 
Mixtures of HFC-134a and the 169 SUS ester-m lubricant were also tested in a 
larger diameter (12.7-mm outside diameter) smooth tube and micro-fin tube. The 
objective was to determine if conclusions drawn for the smaller 9.52-mm outside 
diameter tubes also hold for the larger 12.7-mm outside diameter tubes. The dimen­
sions of the smooth tube and the micro-fin tube are listed in Table 12.1. The large 
diameter tubes reported herein are standard production tubes. 
The 12.7-mm outside diameter tubes were tested over the range of conditions 
listed in Table 12.2. The test conditions were similar to those used in the smaller 
diameter tubes except that the mass flux range has been reduced. The mass flux 
range tested had to be reduced for the 12.7-mm outside diameter tubes because of 
limitations in the experimental rig. The 169 SUS ester-m lubricant was tested at 
lubricant concentrations of 0.0%, 1.3%, 2.3%, and 4.9%. The experimental data are 
given in Appendix C Tables C.13 through C.16. 
The heat transfer coefficients during evaporation and condensation of the HFC-
134a/ester-m mixtures are presented first, followed by a discussion of pressure drop 
during evaporation and condensation. Heat transfer coefficients are shown versus 
mass flux as was done in past chapters. The heat transfer enhancement factors 
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Table 12.1: Micro-fin tube and smooth tube dimensions 
Micro-fin Smooth tube 
Outside Diameter, mm 12.7 12.7 
Wall Thickness , mm 0.4 0.8 
Maximum inside diameter, mm 11.9 11.1 
Cross section area, mm^ 107.5 96.8 
Fin height, mm 0.2 -
Spiral Angel, ° 17 -
Number of fins 60 -
Table 12.2: Test conditions for HFC-134a/ester-m lubricant mixtures 
Evaporation Condensation 
Temperature 2 °C 40 °C 
Pressure 0.35 MPa 1.00 MPa 
Mass flux 85-250 kg/m^-s 85-300 kglm^'S 
Quality in 5-10% 80-88% 
Quality out 80-88% 5-15 % 
Lubricant concentration 0% - 4.9% 0% - 4.9% 
(EF^/ and EF^/) are then presented for the smooth tube and micro-fin tube, 
showing the effects lubricant concentration had on the heat transfer coefficients. Fi­
nally, the smooth tube heat transfer coefficients are compared with predictions from 
correlations presented in Chapter 2. Pressure drop results are presented in a similar 
manner. The experimental results are tabulated in Tables C.13 through C.16. 
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Heat Transfer 
Heat transfer coefficients are presented for mixtures of HFC-134a and the 169 
SUS ester-m lubricant in both the smooth tube and the micro-fin tube. The heat 
transfer coefficients reported are average heat transfer coefficients over 3.66 m long 
test tubes. The heat transfer coefficients for the smooth tube and the micro-fin tube 
are based on the maximum inside tube diameter while the mass flux is based on the 
cross sectional area. Both parameters are listed in Table 12.1. 
Evaporation 
The smooth tube heat transfer coefficients during evaporation of the HFC-
134a/ester-m mixture are shown in Figure 12.1. The lines shown on the figure are 
least squares curve fit of the data at each lubricant concentration. The heat transfer 
coefficients are shown to increase with mass flux. For example, the pure refrigerant 
heat transfer coefficients range from 1390 at a mass flux of 82 kg/m^-s to 
values of 3700 Wfm^'K at a mass flux of 355 kg/m^'S . Figure 12.2 presents the 
micro-fin tube heat transfer coefficient during evaporation of the HFC-134a/ester-m 
mixture. For the micro-fin tube, the pure refrigerant heat transfer coefficients range 
from 2900 W/m^-K at a mass flux of 85 kgfm^-s to values of 5200 Wfm^-K at a 
mass flux of 250 kg/rn^-s . Detailed comparisons of the micro-fin tube results and 
smooth tube results are given in the next chapter. 
The heat transfer enhancement factors EF /, and EF /, for evaporation are 
s' /s  a' /a ^ 
shown in Figure 12.3. The heat transfer enhancement factor for the smooth tube 
s h o w s  s l i g h t  e n h a n c e m e n t s  b e l o w  a  2 . 3 %  l u b r i c a n t  c o n c e n t r a t i o n  w i t h  E F y v a l u e s  
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Figure 12.1: Measured evaporation heat transfer coefficients for HFC-134a and a 
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Figure 12.2; Measured evaporation heat transfer coefficients for HFC-134a and a 
169 SUS ester-m lubricant mixture in a micro-fin tube 
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Figure 12.3: Evaporation enhancement factor (EF^/or EF^/) as a function of 
lubricant concentration 
E F ^ / r a t i o  i s  s i g n i f i c a n t l y  d e g r a d e d  t o  v a l u e s  o f  0 . 8 7  a n d  0 . 7 0 .  F o r  t h e  m i c r o - f i n  
tube, the EF^/ratio is approximately 1.0 at lubricant concentrations of 1.3% and 
2.3%, while at a 4.9% lubricant concentration, the ratio drops off to a value of 0.87. 
Results for mixtures of HFC-134a and the 169 SUS ester-m lubricant in the 
9.52-mm outside diameter tubes were presented in Chapters 8 and 9. The results for 
the two different diameter (9.52-mm and 12.7-mm) smooth tubes were very similar. 
At lubricant concentrations ranging from 0.5% to 2.9%, the smaller diameter smooth 
tube had heat transfer enhancement factors from 1.0 to 1.1, while at a 5% lubricant 
concentration the EF /, ratio was 0.72. 
s /s  
Comparing the two different diameter micro-fin tubes shows that the results 
d i f f e r  s l i g h t l y .  S p e c i f i c a l l y ,  t h e  s m a l l e r  d i a m e t e r  m i c r o - f i n  t u b e  h a d  E F ^ / v a l u e s  
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of 1.0 to 1.15 over a 0.5% to 2.9% lubricant concentration range, while at a higher 
fin tube results presented above showed no significant effects from the addition of 
lubricant at the lower lubricant concentrations, but did show a drop oif at the higher 
lubricant concentrations. 
The smooth tube heat transfer coefficients for pure HFC-134a and the 12.7-mm 
diameter tube are compared with evaporation correlations of Shah [38], Kandlikar 
[39], Chaddock-Brunemann [40], G ungor- Winter ton [42], and Jung-Radermacher [41]. 
The experimental heat transfer coefficients are compared with those predicted by the 
correlations in Figure 12.4. The figure shows that all of the correlations, except 
the Gungor-Winterton correlation, predict the evaporation heat transfer coefficients 
within ±20%. Table 12.3 gives the mean deviation and the standard deviation of 
the correlation predictions with the experimental results. The mean deviation is 
calculated from 
Table 12.3 shows that the correlations of Shah and Chaddock-Brunemann give the 
best mean deviation and standard deviation with the experimental results for the 
12.7-mm tubes. In the 9.52-mm outside diameter tubes, the correlations of Jung-
Radermacher and Kandlikar gave the best estimates. The Jung-Radermacher corre­
lations is still a good predictor for the larger diameter tubes with a mean deviation of 
lubricant concentration of 5%, the EF^/ratio was 0.9. The larger diameter micro-
Mean deviation = 
corr 
corr 
and the standard deviation by 
corr (12.2) 
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Table 12.3: Comparison of evaporation heat transfer correlation with experimental 
results 
Mean Deviation Standard Deviation 
(%) {Wlm'^-K ) 
Shah 3.36 99 
Kandlikar 16.94 449 
Chaddock-Brunemann 4.94 119 
Gungor-Winterton 24.83 716 
J ung- Radermacher 8.14 184 
Luu-Winterton 11.71 430 
8%, but the Kandlikar correlation is not as accurate with the larger 12.7-mm diameter 
tubes. 
Condensation 
Smooth tube heat transfer coefficients during condensation of the HFC-134a/ester-
m mixture are presented in Figure 12.5. The heat transfer coefficients increase with 
mass flux and decrease with increased lubricant concentration. For example, the pure 
refrigerant heat transfer coefficients range from 1600 W/m^'K at a mass flux of 82 
kgfm^'S to values of 2500 W/m^-K at a mass flux of 280 kgjm^-s . Figure 12.6 shows 
the micro-fin tube heat transfer coefficients during condensation. The micro-fin tube 
heat transfer coefficients for the pure refrigerant range from 3750 W/m^-K at a mass 
flux of 88 kg/rn^-s to values of 5100 W/m^'K at a mass flux of 286 kg/m^-s .  
The heat transfer enhancement factors EF /, and EF /, for condensation of 
a'/a s ' /s  
the HFC-134a/ester-m mixture are shown in Figure 12.7. Both the EF^/j^ and 
EF / / ratios decrease with increased lubricant concentration. At a 4.9% lubricant 
s /s  
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Figure 12.4: Predicted evaporation heat transfer coefficients of HFC-134a versus 
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Figure 12.5: Measured condensation heat transfer coefficients for HFC-134a and a 
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Figure 12.6: Measured condensation heat transfer coefficients for HFC-134a and a 
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Figure 12.7: Condensation enhancement factor (EF^/or EF^/^^ ) as a function 
of lubricant concentration 
concentration, the EF /, ratio is 0.90, while the EF /, ratio is about 0.88. Previous 
S j S u I Gi 
tests with the HFC-134a/ester-m mixture in the 9.52-mm outside diameter smooth 
t u b e ,  p r e s e n t e d  i n  C h a p t e r  8 ,  h a d  s i m i l a r  r e s u l t s .  S p e c i f i c a l l y ,  t h e  E F ^ / r a t i o  i n  
the 9.52-mm outside diameter tube was 0.90 at a 4.9% concentration of the 169 
S U S  e s t e r - m  l u b r i c a n t .  I n  t h e  s m a l l e r  d i a m e t e r  m i c r o - f i n  t u b e ,  t h e  E F ^ / r a t i o  
was slightly lower with values of 0.80 and 0.87 at a 5% lubricant concentration. The 
condensation results for the HFC-134a/ester'-m lubricant mixtures in the two different 
diameter tubes appear to be almost identical. 
Heat transfer coefficients during condensation of pure HFC-134a in the 12.7-mm 
smooth tube are compared with predictions from the correlations of Shah [45], Travis 
et al. [44], Gavallini-Zecchin [43], and Kaushik-Azer [46] in Figure 12.8. As was 
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Figure 12.8: Predicted condensation heat transfer coefficients of HFC-134a versus 
experimentally determined heat transfer coefficients 
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Shah 17.09 368 
Travis et al. 19.21 418 
Cavallini-Zecchin 17.40 374 
Kaushik-Azer 30.25 596 
the case in the smaller 9.52-mm outside diameter smooth tube, none of the correla­
tions accurately predict the measured heat transfer coefficients. Correlations of Shah, 
Travis et al., and Cavallini-Zecchin all underpredict heat transfer coefficients in the 
lower range and overpredict in the higher range. The Kaushik-Azer correlation con­
sistently underpredicts over the whole range. The mean deviation and the standard 
deviation of the experimental results with the predicted results are shown in Table 
12.4. The Shah correlation and the Cavallini-Zecchin correlation give the lowest mean 
deviations of about 17%. Only the Shah correlation predicted experimental results 
with a mean deviation of less than 20% in the 9.52-mm outside diameter tube. 
Pressure Drops 
Pressure drops during evaporation and condensation of the HFC-134a/ester-m 
lubricant mixture in the smooth tube and the micro-fin tube are discussed in the 
following sections. The pressure drops reported are the total pressure drops over the 
3.66-m long test tubes. The mass flux reported in both the smooth tube and the 
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Figure 12.9: Measured evaporation pressure drops for HFC-134a and a 169 SUS 
ester-m lubricant mixture in a smooth tube 
Evaporation 
Figure 12.9 presents the pressure drop during evaporation of HFC-134a/ester-
m mixtures in the smooth tube. The pressure drop increases with mass flux and 
lubricant concentration. For the pure refrigerant, the pressure drop ranges from 2.42 
kPa at  a  mass f lux of  82 k g f m ^ - s  to  values  of  24 kPa a t  a  mass f lux of  280 k g / m ^ - s  .  
Micro-fin tube pressure drop for the HFC-134a/ester-m mixture is shown to increase 
with lubricant concentration and mass flux in Figure 12.10. For the pure refrigerant 
in the micro-fin tube, the pressure drop ranges from about 2.65 kPa at a mass flux 
of  88 k g f r n ^ ' S  to  values  of  25.5 kPa at  a  mass f lux of  250 k g / m ^ - s  .  
The evaporation pressure drop penalty factors PF^/and are shown 
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Figure 12.10: Measured evaporation pressure drops for HFC-134a and a 169 SUS 
ester-m lubricant mixture in a micro-Hn tube 
range of lubricant concentrations tested. At a 4.9% lubricant concentration, the 
P F  / /  r a t i o  i s  a b o u t  1 . 3 0  a t  b o t h  m a s s  f l u x e s  s h o w n .  F o r  t h e  m i c r o - f i n  t u b e  a t  a  s' /s  
4.9% lubricant concentration, the FF^/ratio is 1.05 and 1.13 at the mass fluxes 
shown. Lubricant concentration did not increase the evaporation pressure drops as 
significantly in the larger diameter tubes as it did in the smaller diameter tubes. For 
example, the 9.52-mm outside diameter smooth tube had PF^/ratios that ranged 
from 1.4 to 1.6 at a 5% concentration of the ester-m lubricant. In the 9.52-mm outside 
diameter micro-fin tube, the ratio was 1.25 and 1.35 at a 5% concentration 
of the ester-m lubricant. 
Smooth tube pressure drops during evaporation are compared with frictional 
pressure drop correlations of Lockhart-Martinelli [50], Chisholm [52], Dukler [49], and 
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Figure 12.11: Condensation penalty factor (PF / / or PF /, ) as a function of 
3 i S CL j CL 
lubricant concentration 
the homogeneous model in combination with each of the five void fraction models 
given in Chapter 2. A sample of correlation results is compared with the experimental 
results in Figure 12.12. The figure shows that the Chisholm correlation overpredicts 
all pressure drops, while the remaining correlations underpredict the experimental 
pressure drops. The mean deviation and standard deviation of the experimental 
results with the predicted results are shown in Table 12.5. The table shows that the 
Lockhart-Martinelli correlation in combination with the Thom void fraction model 
gives the lowest mean deviation of 33.96%. The Lockhart-Martinelli correlation was 
also the most accurate predictor of evaporation pressure drops in the 9.52 mm outside 
diameter smooth tube. In addition, the Lockhart-Martinelli correlation was much 
more accurate with the small diameter smooth tube yielding a mean deviation of 
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Figure 12.12: Predicted evaporation pressure drop of HFC-134a versus experimen­
tally determined pressure drop 
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about 6%. 
Table 12.5: Comparison of pressure drop correlations with experimental evaporation 
results 




Homogen. 1 Homogeneous 60.41 9.41 
Homogen. 3 Homogeneous 62.70 9.68 
Lock.-Mart. Lock.-Mart. 34.48 6.21 
Lock.-Mart. Baroczy 34.33 6.19 
Lock.-Mart. Thorn 33.96 6.13 
Lock.-Mart. Zivi 34.12 6.16 
Lock.-Mart. Turner-Wallis 34.20 6.17 
Chisholm Lock.-Mart. 234.83 12.91 
Chisholm Baroczy 234.98 12.92 
Chisholm Thom 235.36 12.96 
Chisholm Zivi 235.20 12.94 
Chisholm Turner-Wallis 235.12 12.93 
Dukler Lock.-Mart. 45.60 7.55 
Dukler Baroczy 46.06 7.61 
Dukler Thom 42.17 7.12 
Dukler Zivi 45.33 7.53 
Dukler Turner-Wallis 45.08 7.50 
Condensation 
Figure 12.13 shows the smooth tube pressure drop during condensation of the 
HFC-134a/ester-m lubricant mixture. The pressure drop increases with mass flux 
and lubricant concentration in the smooth tube. The micro-fin tube pressure drop 
during condensation, presented in Figure 12.14, has similar trends with mass flux and 
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Figure 12.13: Measured condensation pressure drops for HFC-134a and a 169 SUS 
ester-m lubricant mixture in a smooth tube 
from 0.24 kPa to 2.4 kPa over a mass flux range of 83 kgfm^-s  to 280 kg /m^-s  ,  
respectively. Micro-fin tube pressure drop for the pure refrigerant ranges from 0.26 
kPa  a t  a  mass  f lux  o f  85  kg /m^-s  to  va lues  o f  3 .0  kPa  a t  a  mass  f lux  o f  285  kg j r rP ' - s  .  
The pressure drop penalty factors PFyand PF^/^^ for the HFC-134a/ester-
m mixture are presented in Figure 12.15. The PF /, and PF / / ratios are above 
o  y  o  d  j  C L  
1.0 over the whole range of lubricant concentrations tested. For the smooth tube, 
the EF^/ratio at a 4.9% lubricant concentration ranges from 1.45 to 1.6, while 
for the micro-fin tube, the PF^/ratio ranges in value from 1.20 to 1.50 at a 4.9% 
lubricant concentration. The smaller diameter tubes tested with the HFC-134a/169 
SUS ester-m mixture yielded similar results. The smaller diameter smooth tube had 
PF^/ values that ranged from 1.4 to 2.0 at a 5% lubricant concentration, while the 
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Figure 12.14: Measured condensation pressure drops for HFC-134a and a 169 SUS 
ester-m lubricant mixture in a micro-fin tube 
smaller diameter micro-fin tube had PF^/values that ranged from 1.2 to 1.5 at a 
5% lubricant concentration. These comparisons indicate that the effect of lubricant 
concentration on condensation pressure drops are similar in both diameter tubes. 
The experimental pressure drop is compared with the pressure drop correlations 
of Lockhart-Martinelli [50], Chisholm [52], Dukler [49], and the homogeneous model 
in Figure 12.16. The figure shows that all correlations overpredicted condensa­
tion pressure drops except the homogeneous model which consistently underpredicts. 
The mean deviations and standard deviations of the experimental results with the 
predicted pressure drops are summarized in Table 12.6. The table lists each of the 
frictional pressure drop correlations in combinations with each of the five void frac­




I i  1.5 
O 
t 1.0 LL QL 
0.5 
0.0 
Figure 12.15: Condensation penalty factor (PF / / or PF / / ) as a function of 
S  /  3  d i d  
lubricant concentration 
the homogeneous model give the lowest mean and standard deviations. The homo­
geneous model gives slightly better predictions with a mean deviation of about 34%. 
The standard deviations for both the homogeneous model and the Dukler correlation 
are less than 1 kPa. In the smaller diameter smooth tube, the Dukler correlation and 
the homogeneous model were also identified as the best predictors of the experimental 
results. It was noted in the smaller diameter smooth tube that at the higher mass 
fluxes the homogeneous model tended to significantly underpredict pressure drop. 
This trend could not be confirmed in the larger diameter smooth tube because the 
mass flux range was limited. 
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Figure 12.16: Predicted condensation pressure drops of HFC-134a versus experi­
mentally determined pressure drop 
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Table 12.6: Comparison of pressure drop correlations with experimental condensa­
tion results 




Homogen. 1 Homogeneous 32.8 0.50 
Homogen, 3 Homogeneous 36.3 0.57 
Lock.-Mart. Lock.-Mart. 169.8 1.84 
Lock.-Mart. Baroczy 166.8 1.80 
Lock.-Mart. Thom 166.2 1.80 
Lock.-Mart. Zivi 166.3 1.80 
Lock.-Mart. Turner-Wallis 167.9 1.82 
Chisholm Lock.-Mart. 960.0 6.42 
Chisholm Baroczy 957.0 6.39 
Chisholm Thom 956.5 6.38 
Chisholm Zivi 956.5 6.36 
Chisholm Turner-Wallis 958.1 6.40 
Dukler Lock.-Mart. 89.6 0.89 
Dukler Baroczy 76.7 0.73 
Dukler Thom 87.3 0.85 
Dukler Zivi 79.9 0.77 
Dukler Turner-Wallis 82.9 0.80 
Conclusions 
Heat transfer coefficients and pressure drop were presented for mixtures of HFC-
134a and the 169 SUS ester-m lubricant in a larger 12.7-mm outside diameter smooth 
tube and micro-fin tube. The 169 SUS ester-m lubricant was tested at lubricant 
concentrations of 0.0%, 1.3%, 2.3%, and 4.9%. A mass flux range of 85 kglm^-s to 
250 kgjrn^-s was tested for evaporation, while for condensation, a mass flux range 
of 85 kg/rn^'S to 300 kgfm^-s was tested. Comparing the results for the HFC-
134a/ester-m lubricant mixture in the smaller diameter tubes, presented in Chapters 
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8 and 9, with the results presented in this chapter indicated that for condensation 
the effect of lubricant concentration was almost identical between the two different 
diameter tubes, while for evaporation the results were slightly different for the two 
different diameter tubes. A list of general conclusions is given below. 
1. Smooth tube heat transfer coefficients during evaporation were enhanced by 
0% to 12% at low lubricant concentrations and degraded by 15% to 30% at 
the higher lubricant concentration. Micro-fin tube heat transfer coefficients 
during evaporation were not affected by low lubricant concentrations but were 
degraded at the high lubricant concentrations. 
2. Smooth tube and micro-fin tube heat transfer coefficients were degraded by 
the addition of lubricant with a 10% to 15% reduction at a 4.9% lubricant 
concentration. 
3. Smooth tube and micro-fin tube pressure drop during evaporation was increased 
by the addition of lubricant. Smooth tube pressure drop increased by about 
30% at a 4.9% lubricant concentration, while the micro-fin tube pressure drop 
only increased by 10% at a 4.9% lubricant concentration. 
4. Pressure drop during condensation increased with lubricant concentration in 
both the smooth tube and the micro-fin tube. At a 4.9% lubricant concentra­
tion, the pressure drop increased by 20% to 60% in both tubes. 
CHAPTER 13. COMPARISON OF MICRO-FIN TUBE AND 
SMOOTH TUBE RESULTS 
The objective of in-tube augmentation is to increase the convective heat transfer 
coefficients of the fluid passing through the tube. Many of the augmented surfaces 
studied in the past have had significant increases in heat transfer but have also had 
equally large increases in pressure drop. The advantage of increased refrigeration 
systems performance gained from the increased heat transfer coefficients can be offset 
if the pressure drop is significantly increased by the in-tube enhancements. Micro-fin 
tubes have the advantage of increased heat transfer performance with only a small 
increase in pressure drop. These advantages have made micro-fin tubes a popular 
choice for evaporator and condenser tubing in the refrigeration and air-conditioning 
industry. 
Micro-fin tubes are characterized by the many small fins that spiral down the 
inner surface of the tube. The micro-fin tubes used in this study had 60 fins on the 
inner surface, fin heights of 0.2 mm, and a spiral angle 17°. The micro-fin tubes were 
tested in two sizes: a 9.52-mm outside diameter tube and 12.7-mm outside diameter 
tube. The performance of the 9.52-mm outside diameter micro-fin tube has been 
well documented for refrigerant HCFC-22 [3]. One objective of the current study was 
to measure and quantify the performance benefits of the micro-fin tube with a new 
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refrigerant, namely HFC-134a. Additionally, the study was to determine the effect 
new lubricants have on the performance of HFC-134a in the micro-fin tube. 
The performance benefits of the micro-fin tube are evaluated by comparing heat 
transfer coefficients and pressure drop of the micro-fin tube with those of the smooth 
tube. Specifically, the performance of the two tubes is compared with heat transfer 
enhancement factors (EF) or pressure drop penalty factors (PF), formed by dividing 
the micro-fin tube results by smooth tube results at the same mass flux. The heat 
transfer enhancement factors and pressure drop penalty factors are presented first for 
pure HFC-134a and pure CFC-12. The effect of lubricant concentration on the heat 
transfer enhancement factors and pressure drop penalty factors is also discussed. 
Pure Refrigerant 
The pure HFC-134a and pure CFC-12 heat transfer coefficients and pressure drop 
in the micro-fin tube and the smooth tube were presented in Chapters 6 through 12. 
The heat transfer enhancement factors and pressure drop penalty factors are formed 
from the least squares curve fits presented on the raw data plots in these chapters. 
The performance of these two pure refrigerants in the micro-fin tube, as defined 
by the EF^y^ and the PF^y^ ratio, is also compared with previous studies which 
investigated performance of micro-fin tubes. 
Heat transfer 
The heat transfer enhancement factors (EF^y^ ) for evaporation of HFC-134a 
and CFC-12 are shown in Figure 13.1. The EF^y^ ratio for pure HFC-134a in the 
9.52-mm outside diameter tubes ranges from 1.9 at a mass flux of 130 kg/rn^-s to 1.5 
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at a mass flux of 360 kg /m^-s  .  In the larger diameter 12.7-mm tubes, the ratio 
ranges from 2.1 at a mass flux of 85 kgfm^-s  to 1.5 at a mass flux of 250 kg /m^-s  .  
For CFC-12, the EF^y^ ratio ranges from 2.0 to 1.65 over a mass flux range or 130 
kg I VP?'-s to 360 kgfm^-s , respectively. The heat transfer enhancement factors for 
CFC-12 are slightly higher than those for HFC-134a. In addition, the EF^y^ ratio 
for the smaller diameter tubes are slightly higher than those for the larger diameter 
tubes. The EF^y^ ratio for both refrigerants shows a significant drop with increased 
mass flux. It is interesting to note that the HFC-134a EF^y^ ratios approach the area 
ratio of 1.5 at the high mass fluxes. This suggests that the heat transfer enhancement 
at the higher mass fluxes is mostly a consequence of the increased surface area in the 
micro-fin tube. At lower mass fluxes, the enhancement is larger than the increase in 
surface area implying that increased turbulence or wall wetting are important in the 
heat transfer enhancement at the low mass flux. 
Torikoshi and Kawabata [11] reported results for HFC-134a in a smooth tube and 
a micro-fin tube. The evaporation heat transfer coefficients presented by Torikoshi 
and Kawabata show EF^y^ ratios of 2.5 at a mass flux of 69 kgfm^-s and 2.0 at a 
mass flux of 183 kglrn^-s . The results at the higher mass flux are in close agreement 
with the results presented here. Schlager et al. [30] found heat transfer enhancement 
factors for HCFC-22 in a micro-fin tube of 2.3 to 1.8 over a 125 kgjrrfi'S to 400 
kg/rn^-s mass flux range, respectively. The EF^y^ values for HCFC-22 appear to be 
slightly higher than those found for HFC-134a. 
Figure 13.2 shows the condensation heat transfer enhancement factors (EF^y^ ) 
for pure HFC-134a and pure CFC-12. The results for the two refrigerants in the 
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Figure 13.1: Comparison of evaporation heat transfer enhancement factors ) 
for pure HFC-134a and pure CFC-12 
EFa/3 ratio ranges from 2.8 at a mass flux of 130 kg /m^-s  to 2.2 at a mass flux of 360 
kg/m^-3 . In the large diameter 12.7-mm outside diameter tube, the EF^y^ ratio for 
HFC-134a ranges from 2.4 to 2.0 over the mass flux range tested. As with evaporation, 
the EF^yg ratio is slightly larger in the 9.52-mm outside diameter tubes. The heat 
transfer enhancement factors for condensation are significantly larger than the area 
ratio over the mass flux range tested, but still show a decreasing trend with mass 
flux. 
Torikoshi and Kawabata [11] also reported condensation heat transfer coefficients 
for HFC-134a in a smooth tube and a micro-fin tube. The EF^y^ ratios appear to 
be  about  2 .65  a t  a  mass  f lux  o f  69  kg /m^-s  and  3 .0  a t  a  mass  f lux  o f  183  kg /m^-s  .  
They did not report enough mass fluxes to confirm any trends with mass flux, but 
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Figure 13.2: Comparison of condensation heat transfer enhancement factors 
(EF^y^ ) for pure HFC-134a and pure CFC-12 
the enhancement factors are similar to those found in this study. Schlager et at. 
[30] found condensation heat transfer enhancement factors (EF^y^ ) of 2.3 to 1.8 for 
HCFC-22 in the micro-fin tube. The EF^y^ factors for HFC-134a are significantly 
larger than those found for HCFC-22. 
Pressure drop 
Pressure drop penalty factors (PF^y^ ) for evaporation of pure HFC-134a and 
pure CFC-12 are given in Figure 13.3. The evaporation pressure drop penalty factors 
range from 1.3 to 0.9 for both refrigerants over the mass flux range tested. The 
majority of the PF^y^ data fall in the 1.14 to 1.07 range. The PF^y^ values are 
approximately the same for the two refrigerants and the two tube sizes tested and 
-
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Figure 13.3: Comparison of evaporation pressure drop penalty factors (PF^y^ ) for 
pure HFC-134a and pure CFC-12 
appear to be decreasing slightly with mass flux. 
Torikoshi and Kawabata [11] reported evaporation pressure drops for HFC-134a 
in a smooth tube and a micro-fin tube. The PF^y^ ratio appears to be about 1.1 
at a mass flux of 183 kg/m^-s . At a mass flux of 200 kg/m^-s , the PF^y^ ratio 
found in this study was about 1.10 for the two refrigerants tested. Schlager et at. 
[30] found pressure drop penalty factors (PF^y^ ) for HCFC-22 in the micro-fin tube 
of 1.2 to 1.3 over a mass flux range of 125 kgfm^-s to 400 kgfm^-s , respectively. 
Figure 13.4 shows the condensation pressure drop penalty factors for pure HFC-
134a and pure CFC-12. The PF^y^ ratio for HFC-134a in the 9.52-mm outside 
diameter tube is 2.0 and 1.5 at a mass flux of 125 kg/m^-s and is 1.3 and 1.5 at a 
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Figure 13.4: Comparison of condensation pressure drop penalty factors (PF^y^ ) 
for pure HFC-134a and pure CFC-12 
for HFC-134a ranges from 1.1 to 1.25 over the mass flux range tested. For CFC-12, 
the PF^yg ratio ranges from 2.5 to 1.4 over the 130 kg/m^-s to 360 kg/m^-s mass 
flux range, respectively. The large variations in the PF^y^ ratio are not unexpected 
with condensation pressure drops because of the large uncertainties associated with 
these results. The PF^y^ ratio is also shown to decrease with increased mass flux. 
Torikoshi and Kawabata [11] also reported condensation pressure drops for HFC-
134a in a smooth tube and a micro-fin tube. The PF^y^ ratios for condensation 
appear to be about 1.1 at a mass flux of 69 kglm^-s and 1.6 at a mass flux of 183 
kgjrn^-s . The PF^y^ ratios for HFC-134a found in this study were 1.7 and 1.4 at 
a mass flux of 200 kglm^-s . Schlager et at. [30] found condensation pressure drop 
penalty factors (PF^y^ ) of 1.0 to 1.8 for HCFC-22 in a micro-fin tube. 
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Effect of Lubricant Concentration 
The effects of lubricant concentration on the performance comparisons of 9.52-
mm outside diameter micro-fin tube and smooth tube are presented in the following 
sections. In an effort to keep the analysis tenable, the large diameter tubes are 
not included in the following discussions. The heat transfer enhancement factors 
(EF / / J ) and pressure drop penalty factors (PF / / / ) are shown versus lubricant (J t  I  O  Ui  J  O  
concentration in order to identify any significant trends with lubricant concentra­
tion. The EF^/1^1 ratio is formed by dividing the refrigerant/lubricant mixture heat 
transfer coefficients in the micro-fin tube by the refrigerant/lubricant mixture heat 
transfer coefficients in the smooth tube at the same mass flux and lubricant concen­
tration. The pressure drop penalty factor (PF^/) is formed in a similar manner. 
The EF / / / and PF / / / ratios are shown at mass fluxes of 200 kgfm^-s  and 300 C L  I S  a  j  S  
kg/m^-s  for all refrigerant/lubricant mixture pairs tested in this study. 
Evaporation heat transfer 
The heat transfer enhancement factor EF^/showing the effect of lubricant 
concentration is given in Figures 13.5 and 13.6. The lines shown on the graphs 
are smoothed fitted to all the data points. Specifically, a parameter integration 
smoothing function was used to place a curve through all the EF^/data points 
for each refrigerant/lubricant mixture. The objective is to identify any trends the 
performance comparison of the smooth tube and micro-fin tube has with lubricant 
concentration. The lines shown on Figures 13.5 and 13.6 vary in a complicated 
manner. The unique shapes of these curves should be expected because of the effect 
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Figure 13.5: Effect of lubricant concentration on evaporation EF^/ratios at a 
mass  f lux  of  200  kgfm^-s  
tube, many of the refrigerant/lubricant mixtures had slight enhancements in heat 
transfer at low lubricant concentrations while most of the micro-fin tube results had 
continual decreases in heat transfer with increased lubricant concentration. Dividing 
the results for the two tubes is expected to yield some unique functions. 
Comparing the results for HFC-134a/lubricant mixtures and CFC-12/lubricant 
mixtures shown in Figures 13.5 and 13.6 gives some interesting conclusions. For 
HFC-134a/Iubricant mixtures, all EF^/y y ratios at a 5% lubricant concentration 
are higher than those obtained for the pure refrigerant. The EF^/ratios for CFC-
12/lubricant mixtures at a 5% lubricant concentration are all lower than those for the 
p u r e  r e f r i g e r a n t .  I n  a d d i t i o n ,  m o s t  o f  t h e  r e f r i g e r a n t / l u b r i c a n t  m i x t u r e  E F ^ / r a t i o  
appear to be decreasing at the low lubricant concentrations. 
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Figure 13.6: Effect of lubricant concentration on evaporation EF^/ratios at a 
mass  f lux  of  300  kg /m^-s  
Condensation heat transfer 
Condensation heat transfer enhancements factors (EF^/) for all refriger­
ant/lubricant mixtures are shown in Figures 13.7 and 13.8. The lines on the figures, 
which represent each refrigerant/lubricant mixture, show no dramatic changes with 
lubricant concentration. The smooth appearance of most of the lines is due to the 
consistent manner in which lubricant concentration affects condensation heat transfer 
coefficients. Specifically, lubricant concentration decreases condensation heat trans­
fer coefficients for all refrigerant/lubricant mixtures in both the smooth tube and 
micro-fin tube, giving rise to a smooth transition from pure refrigerant EF^y^ values 
to EF^/1^1 values for refrigerant/lubricant mixtures. 
Figure 13.7 shows that EF^/1^/ values at a 5% lubricant concentration and a 
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mass flux of 200 kgfm^'3 range from 2.3 to 2.9, while for the pure refrigerant, 
EF^/^ values range from 2.8 to 2.6. The only refrigerant/lubricant mixture showing 
an increase in EF^/values over the whole lubricant concentration range is the 
mixture of CFC-12 and the 300 SUS naphthenic lubricant. The remaining refriger­
ant/lubricant mixtures in general have slightly lower EF^/values when lubricant 
is added. Similar results are shown in Figure 13.8 for a mass flux of 300 kg/m^'S . 
Evaporation pressure drop 
Evaporation pressure drop penalty factors (PFy ) for all refrigerant/lubricant 
mixtures tested are shown in Figures 13.9 and 13.10. The PF^/yy ratio for four 
of the refrigerant/lubricant mixtures increase with lubricant concentration in the 0% 
to 1.2% lubricant concentration range. Beyond a 1.2% lubricant concentration, the 
PF^/y y ratio decreases with lubricant concentration. The only refrigerant/lubricant 
mixture not following these trends is the mixture of CFC-12 and the 150 SUS naph­
thenic oil, which has a constant PF^/ratio over the lubricant concentration range. 
The EFg^g ratios for the pure refrigerant shown in Figures 13.9 and 13.10 range 
from 1.12 to 1.07. As lubricant concentration increases the PF^/ratio decreases in 
both figures with typical values ranging from 0.89 to 1.07 at a 5% lubricant concen­
tration. These results indicate that at a 5% lubricant concentration some micro-fin 
pressure drops actually fall below the smooth tube pressure drops. This is not an 
isolated occurrence, the results for HFC-134a/PAG lubricant mixtures reported by 
Torikoshi and Kawabata [11] also show pressure drops for the micro-fin tube that are 
slightly smaller than those for the smooth tube at a 6% lubricant concentration. 
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Figure 13.7: Effect of lubricant concentration on condensation EF^/ratios at 
mass  f lux  o f  200  kg /m^-3  
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Figure 13.8: Effect of lubricant concentration on condensation EF^/ratios at 
mass flux of 300 kglm'^-s 
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Figure 13.9; Effect of lubricant concentration on evaporation PF^/^^/ ratios at 
mass flux of 200 kglm^-s 
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Figure 13.10: Effect of lubricant concentration on evaporation PF^/^^/ ratios at 
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Figure 13.11: Effect of lubricant concentration on condensation PF^/y y ratios at a 
mass  f lux  o f  300  kg /m^-3  
Condensation pressure drop 
The condensation pressure drop penalty factor PP^/is shown in Pigure 13.11. 
The PF^/ratio appears to be approximately constant or increasing slightly with 
lubricant concentration for all the refrigerant/lubricant mixtures tested. For the 
pure refrigerants, the EP^y^ ratio varies from 1.6 to 1.3, while at a 5% lubricant 
concentration, the EF^/y^/ ratio has values ranging from 1.75 to 1.25. The highest 
EF^/ratio over the lubricant concentration range tested is 1.85 at a 2.4% lubricant 
concentration for a mixture of CFC-12 and the 150 SUS naphthenic lubricant. 
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Conclusions 
The evaporation and condensation heat transfer coefficients and pressure drop 
were compared for the smooth tubes and the micro-fin tubes. The pure refrigerant 
heat transfer enhancement factors and pressure drop penalty factors were calculated 
as the baseline performance. For the pure refrigerant, the larger diameter 12.7-mm 
tubes had about 25% lower heat transfer enhancement factors than the 9.52-mm 
tubes, while the pressure drop penalty factors were about the same for the two 
different diameter tubes. The effects of lubricant concentration on heat transfer en­
hancement factors and pressure drop penalty factors in the 9.52-mm outside diameter 
tubes were also discussed. A list of general conclusions is given below. 
1. The heat transfer enhancement factors (EF^y^ ) for evaporation of pure HFC-
134a and pure CFC-12 ranged from 2.1 to 1.4. The heat transfer enhancement 
factors decreased with increased mass flux. The addition of lubricant increased 
the heat transfer enhancement factor for all refrigerant/lubricant mixtures ex­
cept for the mixture of CFC-12 and the 150 SUS naphthenic oil. 
2. Condensation heat transfer enhancement factors (EF^y^ ) for pure HFC-134a 
and pure CFC-12 ranged from 2.9 to 2.0. The heat transfer enhancement factors 
decreased with increased mass flux. In general, the addition of lubricant slightly 
decreased the heat heat transfer enhancement factor. 
3. Evaporation pressure drop penalty factors (PF^y^ ) for pure HFC-134a and 
CFC-12 ranged from 1.3 to 1.06. The addition of lubricant increased the pres­
sure drop penalty factor at the low lubricant concentrations for most refriger­
ant/lubricant mixtures, while at higher lubricant concentrations, decreases in 
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pressure drop penalty factors were observed. 
4. Condensation pressure drop penalty factors (PF^y^ ) for the pure refrigerants 
ranged from 2.5 to 1.1 over the mass flux ranged tested. The pressure drop 
penalty factor was about constant or increased slightly with lubricant concen­
tration. 
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CHAPTER 14. COMPARISON OF HFC-134a AND CFC-12 
HFC-134a is considered an alternate refrigerant for CFC-12 in many vapor com­
pression systems. In light of this fact, a direct comparison of HFC-134a heat transfer 
coefficients and pressure drops with those for CFC-12 can be beneficial to designers 
of vapor compression system. A direct comparison of HFC-134a and CFC-12 is an 
indication of how evaporator or condenser performance can vary with systems that 
employ HFC-134a. In this chapter, the heat transfer coefficients and pressure drops 
of pure HFC-134a in the smooth tube and the micro-fin tube tube are compared with 
similar results for pure CFC-12. 
The heat transfer coefficients and pressure drop for HFC-134a are compared with 
those for CFC-12 by forming ratios of the HFC-134a results divided by the CFC-12 
results. Two types of ratios are presented in this chapter. The first ratio is formed 
at equivalent mass fluxes in the tube. One disadvantage of the equivalent mass flux 
ratio is that the heat transfer coefficients for HFC-134a and CFC-12 are based on 
different heat fluxes. Specifically, since the enthalpy of vaporization for HFC-134a is 
larger than that for CFC-12, the heat fluxes for HFC-134a will also be larger when 
the two refrigerant are compared at equivalent mass fluxes. A comparison of heat 
transfer coefficients and pressure drops at an equivalent cooling capacity or equiv­
alent heating capacity would be a better indication of the relative performances of 
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the two refrigerants in actual systems. Specifically, a comparison at equivalent cool­
ing (heating) capacities is a more realistic comparison of evaporator and condenser 
performance for systems that operate under the same load. Forming ratios of heat 
transfer coefficients and pressure drops at equivalent cooling (heating) capacities can 
be accomplished by dividing the results for HFC-134a by the results for CFC-12 at 
equivalent values of mass flow rate times enthalpy of vaporization. The ratios are 
formed from the two degree polynomial curve fits of the experimental data presented 
in Chapters 6 through 11. 
Heat transfer 
Figure 14.1 presents the HFC-134a-to-CFC-12 evaporation heat transfer coeffi­
cient ratio for the smooth tube and the micro-fin tube formed at equivalent mass 
fluxes. The figure shows two ratios for the smooth tube and two ratios for the micro-
fin tube. The first ratio for each tube is formed from the pure HFC-134a and CFC-12 
data presented in Chapters 6 through 9, while the second ratio is formed from the 
pure HFC-134a data presented in Chapters 10 and 11 and the CFC-12 data presented 
in Chapters 6 and 7. Figure 14.1 shows that the heat transfer coefficients for HFC-
134a are significantly higher than those for CFC-12 at equivalent mass fluxes. For 
the smooth tube, the ratio varies from 1.34 to 1.47 with the higher values occurring 
at the higher mass fluxes. The micro-fin tube ratios are slightly smaller varying from 
1.26 to 1.40 with the lower values occurring at the higher mass fiuxes. 
The equivalent cooling capacity ratios for the smooth tube and the micro-fin tube 
are shown in Figure 14.2. The equivalent cooling capacity ratio is formed by dividing 
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Figure 14.1: Comparison of evaporation heat transfer coefficients for HFC-134a and 
CFC-12 at equivalent mass fluxes 
equivalent values of mass flow rate times enthalpy of vaporization. The resulting ratio 
is formed with HFC-134a mass flow rates that are approximately 24% lower than that 
for CFC-12. Figure 14.2 shows that even with the reduced flow rates for HFC-134a 
the ratio is still above 1.0 over the whole range of equivalent cooling capacities tested. 
The smooth tube ratios and micro-fin tube ratios are similar, ranging in value from 
1.13 to 1.22. 
The HFC-134a-to-CFC-12 condensation heat transfer coefficient ratio formed at 
equivalent mass fluxes in shown in Figure 14.3. The equivalent mass flux ratios are 
similar for the micro-fin tube and the smooth tube ranging in value from 1.25 to 1.35 
over the mass flux range tested. The ratios appear to be increasing slightly with mass 
flux. 
Figure 14.4 presents the HFC-134a-to-CFC-12 condensation heat transfer coefii-
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Figure 14.2: Comparison of evaporation heat transfer coefficients for HFC-134a and 
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Figure 14.3: Comparison of condensation heat transfer coefficients for HFC-134a 
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Figure 14.4: Comparison of condensation heat transfer coefficients for HFC-134a 
and CFC-12 at equivalent heating capacity 
cient ratio formed at equivalent heating capacities. The equivalent heating capacity 
ratios are formed in the same manner as the equivalent cooling capacity ratios. For 
the equivalent heating capacity ratio, the mass flow rate for HFC-134a is about 24% 
lower than that for CFC-12. The ratios for the smooth tube and the micro-fin tube 
are almost identical, ranging in value from 1.25 to 1.15. 
Pressure drop 
The evaporation pressure drop for HFC-134a and CFC-12 are compared at equiv­
alent mass fluxes in Figure 14.5. The HFC-134a-to-CFC-12 ratios shown on the figure 
indicate that HFC-134a pressure drops during evaporation are significantly higher 
than those for CFC-12 in both the smooth tube and the micro-fin tube. For exam­
ple, the ratios range in value from 1.12 to 1.22 for both tubes at a mass flux of 360 
COMPARISON OF HFC-ISte AND CFC-12 
CONDENSATION HEAT TRANSFER 
EQUIVALENT HEATING CAPACITY 
SMOOTH TUBE AND MICRO-FIN TUBE 
- Legend 
B SMOOTH TUSe 
SMOOTH TUBE 
A" - MICRO-FIN 
I 1 I 1 1 I 1 1 1 • 1 






^ * ~r>.B 
COMPARISON OF HFC-134a AND cro-12 
_ EVAPORATION PRESSURE DROP 
Legend EQUIVALENT MASS FLUX 
SMOOTH TUBE AND MICRO-FIN TUBE B SMOOTH TUBE 
SMOOTH TUBE 
— A— - MICRO-FIN TUBE 
MICRO-FIN TUBE 
0 100 200 300 400 500 
Mass Flux (kg/m"2 s) 
Figure 14.5: Comparison of evaporation pressure drops for HFC-134a and CFC-12 
at equivalent mass fluxes 
kg /m^-s  , while at lower mass flux of 200 kg lm^-s  , the ratios vary from 1.14 to 1.33 
for both tubes. 
Figure 14.6 show the HFC-134a-to-CFC-12 evaporation pressure drop ratio formed 
at equivalent cooling capacities. Forming the ratio at equivalent cooling capacities 
is seen to have a significant effect, causing the ratios to drop significantly below 1.0. 
The large reductions in the ratios presented in Figure 14.6 as compared to the equiv­
alent mass flux ratio are a result of 24% lower mass flow rate used for HFC-134a. 
The ratios for the two tubes are similar ranging in value from 0.68 to 0.78 over the 
range of equivalent cooling capacities. 
Condensation pressure drops for HFC-134a and CFC-12 are compared in Figure 
14.7. The figure shows a wide variation is results for the four HFC-134a-to-CFC-12 
ratios given. The ratios for the micro-fin tube tend to have lower values than the 
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Figure 14.6: Comparison of evaporation pressure drops for HFC-134a and CFC-12 
at equivalent cooling capacity 
ratios for the smooth tube. For the micro-fin tube, the HFC-134a-to-CFC-12 ratios 
range in value from 1.09 to 1.31, while for the smooth tube, the ratios vary from 1.8 
to 1.19. Conclusions are hard to draw from these ratios because of the wide variations 
in results. In general, the condensation pressure drops for HFC-134a are significantly 
higher at equal mass flux. 
The HFC-134a-to-CFC-12 condensation pressure drop ratios formed at equiva­
lent heating capacities are shown in Figure 14.8. For the smooth tube, the ratios 
range in value from from 0.97 to 0.67, while for the micro-fin tube, the ratios val­
ues vary from 0.81 to 0.69. The ratios indicate that HFC-134a pressure drops are 
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Figure 14.7: Comparison of condensation pressure drops for HFC-134a and CFC-12 









COMPARISON OF HFC-134a AND CFC-12 
CONDENSATION PRESSURE DROP 
EQUIVALENT HEATING CAPACITY 
SMOOTH TUBE AND MICRO-FlN TUBE 
- Legend 
B SMOOTH TUBE 
O— - SMOOTH TUBE 
— - MICRO-FIN 
0 —— MICRO-FIN 
1 2 3 
EQUIVALENT HEATING CAPACITY (kJ/s) 
Figure 14.8: Comparison of condensation pressure drops for HFC-134a and CFC-12 
at equivalent heating capacity 
236 
Conclusions 
The heat transfer coefficients and pressure drop of pure HFC-134a and pure CFC-
12 were compared to determine the relative performance of the two refrigerants. The 
comparison was accomplished by forming HFC-134a-to-CFC-12 ratios at equivalent 
mass fluxes and at equivalent cooling (heating) capacities. Cooling (heating) capacity 
is defined as the mass flow rate of the refrigerant times the enthalpy of vaporization, 
hence, the HFC-134a-to-CFC-12 ratio is formed with equivalent values of mass flow 
rate times enthalpy of vaporization. Since the enthalpy of vaporization is about 24% 
larger for HFC-134a, the equivalent cooling (heating capacity) is formed with a 24% 
lower flow rate for HFC-134a. A list of general conclusions is given below. 
1. The evaporation heat transfer coefficients for HFC-134a were 30% to 50% higher 
than those for CFC-12 at equivalent mass fluxes in both the smooth tube and 
micro-fin tube. At equivalent cooling capacities, the evaporation heat transfer 
coefficients for HFC-134a were 10% to 30% higher than those of CFC-12. 
2. Condensation heat transfer coefficients for HFC-134a were 25% to 35% higher 
than those for CFC-12 at equivalent mass fluxes in both tubes, while at equiv­
alent heating capacities, the heat transfer coefficients for HFC-134a were 15% 
to 25% higher than those for CFC-12. 
3. Evaporation pressure drop for HFC-134a in both tubes was on average 20% 
to 30% higher than that for CFC-12 at equivalent mass fluxes. At equivalent 
cooling capacities, the pressure drop for HFC-134a in both tubes was on average 
20% to 30% lower than that for CFC-12. 
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4. Condensation pressure drop for HFC-134a in the smooth tube was 20% to 60% 
higher than that for CFC-12 at equivalent mass fluxes, while at equivalent 
cooling capacities, the pressure drop was about 10% to 20% lower than that for 
CFC-12. In in the micro-fin tube, condensation pressure drop for HFC-134a 
was 20% to 30% higher than that for CFC-12 at equivalent mass fluxes, while 
at equivalent heating capacities, the HFC-134a pressure drop was 20% to 30% 
lower than that for CFC-12. 
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CHAPTER 15. DESIGN CORRELATIONS FOR 
REFRIGERANT-LUBRICANT MIXTURES 
The main objective of this research program was to measure the heat transfer 
and pressure drop performance of an important non-CFC refrigerant, namely HFC-
134a, with lubricant mixtures in smooth tubes and micro-fin tubes. Designers use 
heat transfer and pressure drop information to size evaporators and condensers of 
refrigeration and air-conditioning systems. Application of this information is usually 
accomplished via correlations. Correlation types range from the purely theoretical 
to the purely empirical in nature. Developing purely theoretical correlations for heat 
transfer coefficients and pressure drops has been limited by the inherent complications 
of two-phase flow. The most popular and accurate correlations are semi-empirical in 
form. A semi-empirical correlation incorporates important parameters into a model 
that is then curve fit to experimental data. A review of some of the correlations 
available in literature was given in Chapter 2. 
The objective of this chapter is to present equations that can be used by system 
designers to model the performance of HFC-134a/lubricant mixtures in smooth tubes 
and micro-fin tubes. The form of the correlations used to fit the experimental results 
is discussed in the next section. The remaining sections present the design equations 
for HFC-134a/lubricant mixtures and CFC-12/lubricant mixtures in smooth tubes 
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and micro-fin tubes. 
Form of the Correlations 
A number of considerations were weighed when deciding on the final form of 
the correlation. The first consideration was to match the data base obtained in this 
study with the most appropriate type of correlation. Developing a broad ranged 
semi-empirical correlation requires a data base with a large number of refrigerants 
and a wide variation in conditions. In addition, local heat transfer coefficients or 
pressure drops would be required to accurately build such a model. The data base 
compiled in this study had only average heat transfer coefficients and pressure drops. 
In light of these considerations, building a broad ranged semi-empirical model was 
outside of the scope of this project. 
A semi-empirical correlation which was specific to that data obtained in this 
project was considered. A lack of property data for the lubricants used with HFC-
134a limited any such effort. Developing a specific semi-empirical correlation for 
HFC-134a/lubricant mixtures without lubricant property data would negate the main 
advantage of such a correlation. The decision was made to correlate the experimental 
data with strictly empirical curve fits. The heat transfer enhancement factors and 
pressure drop penalty factors for each refrigerant/lubricant mixture would be curve 
fit as a function of lubricant mass fraction and mass flux. The empirical correlations 
were considered the most accurate and most easily applied correlations that could be 
derived from the data base developed in this study. 
The recommended methodology of applying the correlations presented in this 
chapter is as follows. The refrigerant/lubricant mixture results in the smooth tube 
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and refrigerant/lubricant results in the micro-fin tube were divided by the smooth 
tube results for the pure refrigerant. The resulting heat transfer enhancement factors 
(EFy or EF^/) and pressure drop penalty factors (PFyor PF^/) were 
curve fit as a function of mass flux in the tube and the nominal lubricant mass frac­
tion. The nominal flowing lubricant mass fraction is the mass fraction of lubricant 
present in the single-phase liquid, or in other terms, it is the lubricant flow rate di­
vided by the total flow rate entering the evaporator or condenser. To obtain a model 
for refrigerant/lubricant mixtures, simply multiply the appropriate heat transfer en­
hancement factor or pressure drop penalty factor by a pure refrigerant smooth tube 
correlation that has been averaged over the length of the tube. For example, to esti­
mate the effect lubricant concentration has on smooth tube heat transfer coefficients 
simple multiply the EF^/y^ ratio with a pure refrigerant heat transfer correlation. 
hjyp = hcorr • (15.1) 
The same methodology is used to model micro-fin tube results. An appropriate pure 
refrigerant smooth tube correlation is multiplied by the heat transfer enhancement 
factor (EF^/y^ ) or pressure drop penalty factor (PF^/y^ ). 
Pure Refrigerant Correlations 
Application of the design equations presented in this chapter requires a smooth 
tube pure refrigerant correlation. In this section, the pure refrigerant smooth tube 
correlations that proved most accurate in predicting the experimental data are iden­
tified. The design equations are not specific to the correlations identified in this 
section. One advantage of the design equations presented later is that they can be 
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easily incorporated into design code that uses any pure refrigerant correlations. This 
section simply recommends the set of correlations that are most accurate with pure 
HFC-134a in the smooth tube for the conditions of this study. 
Evaporation heat transfer 
Evaporation heat transfer coefficients for pure HFC-134a in the smooth tube 
were compared with a number of correlations in Chapters 8 and 10. The Kandlikar 
[39] correlation and Jung-Radermacher correlation were the best predictors of the 
experimental data. The predictions from the Kandlikar correlation had an average 
deviation of 4.85% when compared with all the pure HFC-134a data. The Jung-
Radermacher correlation had a average deviation of 4.2% with the evaporation data 
for HFC-134a. The advantage of the Kandlikar correlations is that it has been proven 
accurate for a variety of refrigerants, while the Jung-Radermacher correlation has only 
been shown accurate for a few refrigerants. 
Condensation heat transfer 
The correlations of Shah [45], Travis et al. [44], Cavallini-Zecchin [43], and 
Kaushik-Azer [46] were all compared with the condensation heat transfer coefficients 
for pure HFC-134a in the smooth tube. None of the correlations accurately predict 
the condensation heat transfer coefficients. Correlations of Shah, Travis et al., and 
Cavallini-Zecchin all underpredict heat transfer coefficients at the low mass fluxes 
and overpredict heat transfer coefficients at the higher mass fluxes. This suggests 
that the effect of mass flux or heat flux is not properly formulated in these correla­
tions. The correlation of Kaushik-Azer appears to have the mass flux dependence 
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correct but consistently underpredicts the heat transfer coefficients by about 25%. 
Since no correlation accurately predicted the condensation heat transfer coefficients, 
a modified Kaushik-Azer correlation is presented which accurately fits the data. The 
modified correlation fits the experimental data with an average uncertainty of ±4.5% 
and a standard deviation of 250 Wfm^-K . The modified correlation is 
Nu = 2.597 • r A x i  





Ree = Ge • D: 
GR =  G '  z  f —  
Pg 
0.5 




The leading constant has been increased by 25% over that given in the original 
correlation. The modified correlation is intended for modeling HFC-134a data over 
the range of conditions used in this study. Any application outside this range is not 
recommended. 
Evaporation pressure drop 
The evaporation pressure drop for HFC-134a was compared with correlations 
for pressure drop in Chapters 8 and 10. The frictional pressure drop correlation 
of Lockhart-Martinelli [50], in combination with the void fraction model of Thom 
[56], gave the lowest average and standard deviations with the experimental results. 
For the pure HFC-134a evaporation pressure drop, the correlation had an average 
deviation of 5.5% and a standard deviation of 0.66 kPa. The selection of a void 
fraction model was secondary to the choice of frictional pressure drops model. 
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Condensation pressure drop 
The condensation pressure drop of pure HFC-134a was best predicted by the fric-
tional pressure drop correlation of Dukler [49] in combination with the void fraction 
model of Baroczy [55]. The correlation had an average deviation with the experi­
mental results 80.8% and a the standard deviation of 1.03 kPa. The large average 
deviation was a result of overpredictions at the low mass flux. The absolute differ­
ence between the experimental results and correlation predictions was small but the 
percent difference was large. A comprehensive review of these results were given in 
Chapters 8 and 10. 
Smooth Tube with Refrigerant/Lubricant Mixtures 
The correlations presented in this section are curve fits of the heat transfer 
enhancement factors (EF^/) and the pressure drop penalty factors (PFy). The 
heat transfer enhancement factors and pressure drop penalty factors were formed from 
the experimental data presented in Chapters 6 through 12. Specifically, these ratios 
were formed by dividing the refrigerant/lubricant mixture results by pure refrigerant 
results at the same mass flux. Smooth tube heat transfer coefficients or pressure 
drops of refrigerant/lubricant mixtures can be modeled with the following equations. 
The hcorr and Afcorr in Equations 15.5 and 15.6 are an appropriate pure refrig­
e r a n t  c o r r e l a t i o n ,  s u c h  a s  t h o s e  i d e n t i f i e d  i n  t h e  p r e v i o u s  s e c t i o n .  T h e  E E ' ^ / a n d  
corr (15.5) 
APyp = LPcorr • (j^^s'ls) (15.6) 
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E F ^ ^ f o r  P ^ ( ^ g f  j g ' ^  —  a O  +  c t l  *  ( u > i )  4 -  o 2  •  ( u > i  •  G ^ )  +  a 3  •  ( w ^  •  C ' )  
4-04 • (wj • G'^) 4" a5 • {u>J • G'^) 4" Û6 • (w^) (15.7) 
where wj is the nominal flowing lubricant mass fraction. For example, at 5% lubricant 
The equations given above are a two degree polynomial in lubricant mass fraction 
with interaction terms that are functions of the normalized mass flux. Two forms 
were used because in some cases one equation type is a significantly better fit to the 
data than the other type. Rather than select one type for each refrigerant/lubricant 
mixture, both equations were fit to every data set. Explicit mass flux terms were not 
included in either model because with no lubricant the correlation should reduce to 
1.0. If terms explicit in mass flux were included, the EF / / ratio or PF / / ratio 
^ ' s /s s /s 
would vary with mass flux at a Ocausing an inherent bias in the model. 
The final form of the correlation used to fit the heat transfer enhancement factors 
or pressure drop penalty factors for each refrigerant/lubricant mixture was a subset of 
the terms found in Equations 15.7 or 15.8. Specifically, the full model was evaluated 
for each data set with a statistical analysis package and the important terms were 
selected by maximizing an adjusted R-squared parameter. The adjusted R-squared 
M ' %% ^ * r -n r y» « v-* #-» T- * w* * "i v» r « v i r^j-rn ' ^ vj 
forms of the EF / / or PF / / correlations were used to fit the data. 
concentration u>i = 0.05. G' is the normalized mass flux given by 
(15.9) 
245 
parameter is a weighted R-squared parameter that includes a penalty factor for the 
number of terms in the model. When the adjusted R-squared parameter is maximized, 
the model includes the least number of terms that give a high R-squared fit. Once the 
appropriate terms were selected, a least squares method was used to fit the constants 
to the data set. In the following sections, the heat transfer enhancement factor 
and pressure drop penalty factor models are presented for all refrigerant/lubricant 
mixtures in the smooth tube. The correlations result are also compared with the 
experimental data as a check on accuracy. 
Evaporation heat transfer 
The evaporation heat transfer enhancement factor (EF^/ ) for each of the five 
refrigerant/lubricant mixtures tested were fit to Equations 15.7 and 15.8. Tables 
15.1 and 15.2 give the coefficients for each refrigerant/lubricant mixture. All the 
coefficients from Equations 15.7 and 15.8 are included in Tables 15.1 and 15.2. If a 
term was not included in the correlation for a particular refrigerant/lubricant mixture, 
a zero is placed in that slot on the table. The last row in each table gives the R-squared 
fit for that refrigerant/lubricant mixture pair. One important consideration for the 
smooth tube model is that when the lubricant concentration is zero the model should 
return a value of 1.0. The equations were selected to facilitate this requirement. 
Specifically, the term aO was set equal to 1.0 and the term 60 was set equal to 0, 
thus giving an unbiased model at a 0% lubricant concentration. Comparing the R-
squared parameter in Tables 15.1 and 15.2 shows that the evaporation heat transfer 
enhancement factors (EF^/) were correlated slightly better by Equation 15.8/Table 
15.2. 
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Table 15.1: Least squares estimates of EF^/from Equation 15.7 for evaporation 
of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
aO 1.0 1.0 1.0 1.0 1.0 1.0 
al 6.918 9.544 -7.05 3.963 -12.62 -4.036 
a2 0 0 0 0 15.79 0 
a3 -572.1 -283.0 -31.11 -411.0 -620.2 0 
a4 0 0 0 0 0 -3.39 
a5 304.9 0 0 202.1 185.2 133.3 
a6 0 -76.29 63.55 0 282.4 -96.52 
Rsq 0.83 0.89 0.89 0.93 0.95 0.89 
Table 15.2: Least squares estimates of EF^/from Equation 15.8 for evaporation 
of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
bO 0.0 0.0 0.0 0.0 0.0 0.0 
bl 9.661 9.702 -7.099 4.954 -41.43 0.684 
b2 0 0 0 0 83.718 -8.384 
b3 -753.6 -344.5 -44.49 -498.5 -2133.0 338.1 
b4 -2.784 0 0 0 -34.69 0 
b5 449.3 0 0 245.2 963.2 0 
b6 L 0 -54.80 57.9 0 911.1 -293.6 
Rsq 0.88 0.92 0.90 0.94 0.99 0.90 
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Figure 15.1 compares the experimental EP^/ with those predicted from Equa­
tion 15.7/Table 15.1. The figures shows that the experimental EF^/y^ values were 
p r e d i c t e d  w i t h i n  ± 1 0 % .  T h e  f i g u r e  a l s o  s h o w s  t h a t  t h e  e x p e r i m e n t a l  E F ^ / v a l u e s  
ranged in value from 1.1 to 0.65. 
Condensation heat transfer 
The condensation heat transfer enhancement factor (EF^/ ) correlation coef­
ficients for all refrigerant/lubricant mixtures are shown in Tables 15.3 and 15.4. 
The constants for Equation 15.7 are shown in Table 15.3, while the constants for 
Equation 15.8 are given in Table 15.4. The models are a good fit to the experimental 
EF^/y g data with R-squared values above 0.86 for all curve fits. Equation 15.7/Table 
15.3 tends to have slightly higher R-squared values. 
Figure 15.2 compares the experimental EF^/ values with those predicted from 
Equation 15.7/Table 15.3. The correlations are shown to be an excellent fit to the 
experimental data with most points falling in the ±4% range. The figure also shows 
the narrow range over which the EF^/ratio falls for all the refrigerant/lubricant 
mixtures. Specifically, the experimental EF^/values ranged from 1.0 to 0.78. 
Evaporation pressure drop 
The least squares estimates of the constants in Equations 15.7 and 15.8 for the 
evaporation pressure drop enhancement factor PF^/are shown in Tables 15.5 and 
15.6. The correlations are a good fit to the experimental PF^/data with R-squared 
values of 0.88 at the lowest. No significant differences exist in the R-squared values 
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Figure 15.1: Comparison of EF^// ratios for evaporation with predicted values 
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Table 15.3: Least squares estimates of EF^/ from Equation 15.7 for condensation 
of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
aO 1.0 1.0 1.0 1.0 1.0 1.0 
al -7.197 -6.962 -9.324 -4.234 -5.648 -4.595 
a2 0 4.263 0 0 5.310 0 
a3 0 0 -63.27 -86.85 0 25.09 
a4 0.398 0 2.273 0 -1.928 0 
a5 0 -80.13 0 51.08 0 0 
a6 83.99 78.31 137.8 67.05 0 0 
Rsq 0.87 0.87 0.88 0.91 0.94 0.98 
Table 15.4: Least squares estimates of EF^/ from Equation 15.8 for condensation 
of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
bO 0.0 0.0 0.0 0.0 0.0 0.0 
bl -7.633 -7.358 -13.34 -4.399 -6.384 -4.537 
b2 0 4.7053 6.072 -0.9732 63.68 0 
b3 0 0 -92.77 0 0 0 
b4 0.4526 0 0 0 -1.928 0 
b5 0 -89.35 0 57.15 0 15.71 
b6 88.24 81.99 1724.0 71.07 0 0 





















/ / / 




/ / / 
/A 
/ 
/> y  
I  I  $  I  *  I  I  I  I  1  I  
Legend 
• HFC-134a/169 SUS ester 
0 HFC-134a/369 SUS ester 
A HFC-134a/150 SUS ester 
0 CFG-12/150 SUS naphlhenic 
+ CFC-12/300SUSnaphthenic 
1 1 * 1 1  o .  
0.0 0.2 0.4 0.6 
EF(s'/s), Experimental 
0.8 1.0 
Figure 15.2: Comparison of EF^/ratios for condensation with predicted values 
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used. 
Figure 15.3 compares the experimental PF^/ values with those estimated from 
E q u a t i o n  1 5 . 7 / T a b l e  1 5 . 5 .  T h e  c o m p a r i s o n  s h o w s  t h a t  a l l  e x p e r i m e n t a l  P F ^ / d a t a  
are estimated within ±10%. The experimental PFyratios shown on the graph 
vary from 1.0 to about 1.6. The mass flux range represented in the experimental 
PFyda ta  se t  i s  125  kgfm^'S t o  360  kgfm^-s  .  
Condensation pressure drop 
The least squares estimates of the constants from Equation 15.7 and 15.8 for 
the condensation PF^/ratio of all refrigerant/lubricant mixture pairs are given in 
Tables 15.7 and 15.8. The experimental data points used to curve fit the correlations 
were limited to a mass flux of 200 kgjm^-s and above. Below a mass flux 200 
kglm^-s the variability in the data set became too large to curve fit. The model 
for the mixture of HFC-134a and 150 SUS ester-b mixture shown in Table 15.7 
was simply aO = 1.0, indicating that lubricant concentration had no effect on the 
condensation pressure drop. The low R-squared value for the mixture of HFC-134a 
and 369 SUS ester-m mixture was caused by a few outlaying points. The overall R-
squared values were slightly lower for condensation pressure drop than for any other 
data set, reflecting the difficulties of modeling condensation pressure drops. 
Figure 15.4 compares the experimental condensation PF^/values with predic­
tions from Equation 15.7/Table 15.7. The figure shows that most of the predicted 
PF^/values are within ±20% of the experimental PF^/values. The figure also 
shows the wide variation is results that were obtained for condensation pressure drops 
in the smooth tube. The PF^/y^ ratio for mixtures of HFC-134a/369 SUS ester-m 
252 
Table 15.5: Least squares estimates of PFyfrom Equation 15.7 for evaporation 
of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
aO 1.0 1.0 1.0 1.0 1.0 1.0 
al 43.68 25.97 26.94 -11.33 42.42 33.01 
a2 24.01 -21.14 -17.23 9.998 -29.36 -24.20 
a3 0 0 0 768.0 520.4 1081.0 
a4 0 0 0 0 0 0 
a5 143.6 159.5 81.67 -504.8 0 -338.4 
a6 -341.8 -107.0 0 0 -545.6 -665.7 
Rsq 0.96 0.81 0.96 0.94 0.88 0.91 
Table 15.6; Least squares estimates of PF^/from Equation 15.8 for evaporation 
of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
bO 0.0 0.0 0.0 0.0 0.0 0.0 
bl 37.45 21.94 24.41 -7.258 35.20 28.07 
b2 -20.86 -16.09 -14.46 0 -23.63 -19.90 
b3 296.2 0 0 701.4 421.6 0 
b4 0 0 0 5.610 0 0 
b5 0 151.8 92.97 -478.5 0 -210.1 
b6 -460.4 -135.4 -87.9 0 -545.8 -526.0 
Rsq 0.97 0.84 0.88 0.94 0.89 0.92 
253 
2.5 
EVAPORATION PRESSURE DROP 







HFC-134a/169 SUS ester 
HFC-134a/369 SUS ester 






igure 15.3: Comparison of PF^/ / ratios for evaporation with predicted values 
254 
Table 15.7: Least squares estimates of PF^/from Equation 15.7 for condensation 
of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
aO 1.0 1.0 1.0 1.0 1.0 1.0 
al 23.62 19.43 -11.71 0 39.82 45.61 
a2 -20.09 0 0 0 -23.51 -30.96 
a3 0 -7.341 131.5 0 0 0 
a4 0 0 0 0 0 0 
a5 0 0 0 0 118.7 223.4 
a6 186.8 -91.26 0 0 -365.6 -476.3 
Rsq 0.77 0.87 0.35 — 0.82 0.68 
Table 15.8: Least squares estimates of PF^/from Equation 15.8 for condensation 
of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9,52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
bO 0.0 0.0 0.0 0.0 0.0 0.0 
bl 17.54 16.25 -15.26 0 33.56 38.68 
b2 -14.05 0 0 0 -19.35 -25.79 
b3 0 0 184.9 0 0 0 
b4 0 -5.325 0 0 0 0 
b5 0 0 0 0 94.60 183.9 
b6 127.4 -92.63 0 0 -309.5 -403.5 
Rsq 0.70 0.88 0.38 — 0.94 0.90 
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Figure 15.4: Comparison of PFyratios for condensation with predicted values 
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were less that 1.0, indicating a drop in condensation pressure drops with the addition 
of lubricants. The HFC-134a/169 SUS ester-m mixture on the other hand had some 
significant increases in the PFyratios with lubricant mass fraction. A detailed 
discussion of these results was given in Chapters 6 through 11. 
Micro-Fin Tube 
Models for micro-fin tube heat transfer enhancement factors and pressure drop 
penalty factors are presented for all refrigerant/lubricant mixtures in the follow­
ing sections. The heat transfer enhancement factors (EFy) and pressure drop 
penalty factors (PF^/) are formed by dividing the experimental results for refrig­
erant/lubricant mixtures in the micro-fin tube by the experimental results for the 
pure refrigerant in the smooth tube. Application of the model to predict micro-fin 
tube heat transfer coefficients or pressure drops is accomplished with the following 
formulas. 
The hcorr and APcorr are smooth tube pure refrigerant correlations. The hcorr and 
APcorr can also be experimental data. The diameter of tube used in the smooth 
tube correlations should be equal to the maximum inside diameter of the micro-fin 
tube. 
The heat transfer enhancement factors (EF^/) and pressure drop penalty 
factors (PF^/ / ) were curve fit to a two degree polynomial in lubricant mass fraction 
hrpp = hcorr • (15.10) 
corr (15.11) 
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and mass flux with interaction terms. The equations used to fit the data are 
j^ = <xO + 4" a3(wj • C') + a4(w^ • G') 
+a5(wj • + a6(w^ • G'^) + a7(w^) -j- <I8(G'^) (15.12) 
\n [EFia'js)) = 6 0  +  6l(w/) + 62(G') + 63(w/ • G') + bi{Jf • G') + 65(w/ • G'^) 
+66(w^ • G'2) + + 68(G%.13) 
where wj is the nominal flowing lubricant mass fraction. G' is the normalized mass 
flux given by 
= m 
The correlation used to curve fit the experimental EF^/and PF^/ ratios for each 
refrigerant/lubricant mixture was a subset of Equation 15.12 and Equation 15.13. 
The terms included in each correlation were selected by maximizing an adjusted R-
squared term. An effort was made to select hierachial models to fit data. A hierachial 
model is one that includes first degree terms if a second degree term is present. For 
example, if the square of lubricant mass fraction (w^) is identified as a significant 
term then must also be included in the model. The data analysis was done with 
a statistical analysis software package. 
Pure refrigerant 
The performance of the pure refrigerants in the micro-fin tube was not modeled 
specifically. The heat transfer enhancement factors (EF^y^ ) or pressure drop penalty 
factors (PF^yg ) for the pure refrigerant can be obtained from the correlations pre­
sented in the following sections. Specifically, the pure refrigerant performance in the 
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micro-fin tube can be obtained by setting the nominal flowing lubricant mass fraction 
to zero in Equations 15.12 and 15.13. The only remaining terms are those for the 
mass flux. 
Effect of refrigerant/lubricant mixtures on micro-fin tubes 
The performance ratios EF / / or PF / / can also be obtained from the curve 
CL ! a Oi f 0/ 
fits presented in the following sections. These ratios could be of interest to the 
designer who has micro-fin tube heat transfer coefficients and pressure drops for the 
pure refrigerant but wishes to estimate the effect of lubricant mass fraction on this 
data. The EF / / ratio is formed by dividing the EF /, / ratio by the EF /, ratio. 
CL j Ot a J 3 0/ f s 
EFg^g ratios are obtained by setting the lubricant mass fraction to zero in EF^/y y model, 
as discussed in the previous section. The PFyratio is obtained in a similar man­
ner. 
Evaporation heat transfer 
The least-squares estimation of the constants in Equations 15.12 and 15.13 for 
the evaporation heat transfer enhancement factors (EF^/) are shown in Tables 
15.9 and 15.10. The heat transfer enhancement factors (EF^/) were fit well by 
Equation 15.12/Table 15.9 with the lowest R-squared value being 0.885. Equation 
15.13/Table 15.10 is equally a good fit to the EF^/data with the lowest R-squared 
value being 0.884. 
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Table 15.9: Least squares estimates of EF^/ from Equation 15.12 for evaporation 
of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
aO 2.6858 3.1564 2.2933 2.4520 1.5019 2.0250 
al 17.27 20.984 -1.228 -25.95 24.97 -11.55 
a2 -1.4266 -3.777 -0.9871 -1.01387 1.0669 -0.2377 
a3 0 0 0.7632 14.87 -82.97 0 
a4 0 870.7 0 0 0 219.7 
a5 3.732 -26.250 0 0 46.63 0 
a6 0 0 0 -50.28 0 0 
a7 -508.2 -820.7 0 194.7 -168.3 -215.2 
a8 0.3881 2.1115 0.2619 0.2426 0.6727 0 
Rsq 0.89 0.97 0.89 0.99 0.99 0.95 
Table 15.10: Least squares estimates of EF^/ from Equation 15.13 for evaporation 
of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
bO 1.0223 1.2483 0.9048 0.9766 0.4492 0.7245 
bl 10.42 10.233 -1.668 -12.78 -1.728 -5.950 
b2 -0.6992 -1.7841 -0.6027 -0.6322 0.4810 -0.1476 
b3 0 0 1.675 6.197 0 0 
b4 0 403.7 -2.64 143.6 -1490. 160.6 
b5 1.872 -12.302 0 0 0 0 
b6 0 0 0 -78.37 812.0 0 
b7 -298.3 -400.1 1.99 26.56 412.8 -1606. 
b8 0.1729 0.9151 0.1355 0.1662 -0.3012 0 
Rsq 0.90 0.97 0.88 0.99 0.99 0.96 
260 
The model predictions from Equation 15.12/Table 15.9 are compared with ex­
perimental EF^/y g values in Figure 15.5. The model predicts the experimental 
EF„/1 values within ±10%. The majority of the EF /, data fall in the 2.0 to 1.3 
a j S Oi j 3 
range. For mixtures of CFC-12 and the 150 SUS naphthenic lubricant, it is interest­
ing to note, that the micro-fin tube heat transfer coefficients actually fall below the 
pure refrigerant heat transfer coefficients as shown in Figure 15.12. The CFC-12/300 
SUS naphthenic luliricant mixture also has EF^/y^ values that approach 1.0. The 
EF^//a for HFC-134a/lubricant mixtures all range from 1.3 to 2.4. 
Condensation heat transfer 
The condensation heat transfer enhancement factors (EF^/y^ ) for all refriger­
ant/lubricant pairs were fit to Equations 15.12 and 15.13. The correlation constants 
are shown in Tables 15.11 and 15.12. The least squares estimates were an excellent 
fit to the experimental data with the lowest R-squared value of 0.892. Equation 
15.13/Table 15.12 is a slightly better fit to the experimental data with the lowest 
R-squared value being 0.912. 
Figure 15.6 compares the experimental EF^/y^ values with those predicted from 
Equation 15.12/Table 15.11. All experimental EF^/y^ values are estimated within 
±10%, with a majority of the data falling in the ±4% range. The experimental 
EF^/y g values for all refrigerant/lubricant mixtures fall in the range of 2.8 to 1.8. 
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Figure 15.5: Comparison of EF^/ratios for evaporation with predicted values 
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Table 15.11: Least squares estimates of from Equation 15.12 for condensa­
tion of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
aO 3.3249 1.788 3.2407 2.7992 2.9107 2.1047 
al -21.64 -6.110 -74.12 3.662 -37.59 -17.56 
a2 -0.8076 1.8003 -0.5007 0.1944 0.1638 1.8806 
a3 10.91 0 49.88 0 28.98 10.63 
a4 0 0 0 337.9 0 0 
a5 0 0 0 -6.185 -6.854 0 
a6 0 0 -356.7 0 0 0 
a7 0 58.873 6727.0 -399.6 136.8 0 
a8 0 -1.4000 -0.1828 -0.4139 -0.4194 -1.2267 
Rsq 0.94 0.91 0.96 0.99 0.99 0.89 
Table 15.12: Least squares estimates of EF^/from Equation 15.13 for condensa­
tion of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
bO 1.2423 0.5942 1.1563 1.0036 1.0036 0.8685 
bl -8.307 -2.7548 -29.44 1.773 -6.472 -13.440 
b2 -0.3236 0.8420 -0.07869 0.1430 0.1862 0.4839 
b3 3.690 0 19.543 0 0 19.25 
b4 0 0 0 140.1 239.7 0 
b5 0 0 0 -2.836 0 -7.683 
b6 0 0 -139.2 0 -61.61 0 
b7 0 25.847 263.1 -165.0 -1203.2 0 
b8 0 -0.6556 -0.1359 -0.1983 -0.2103 -0.3527 
Rsq 0.94 0.94 0.96 0.996 0.995 0.91 
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Evaporation pressure drop 
The evaporation pressure drop enhancement factors (PF^/ ) for each refrig­
erant/lubricant mixture were fit to Equations 15.12 and 15.13, The least squares 
estimates of the constants in Equation 15.12 are shown in Table 15.13 and those from 
Equation 15.13 in Table 15.14. Most of the refrigerant/lubricant mixture PF^/ data 
were fit well with R-squared values of 0.85 or higher. The mixture of HFC-134a and 
the 169 ester-m lubricant was an exception, with an R-squared value of 0.67. Equa­
tion 15.12/Table 15.13 was a slightly better fit to the experimental PF^/y^/ data. 
Figure 15.7 compares the experimental PF^/values with those predicted from 
Equation 15.12/Table 15.13. Even with lower R-squared values than in previous 
cases, the models predict most of the experimental PF^/data within ±10%. The 
experimental PF^/ratios ranged in value from 1.75 to about 1.05 for all the refrig­
erant/lubricant mixtures tested. The majority of the PF^/values fall in the 1.05 
to 1.5 range. For the pure refrigerant, the PF^y^ ratio ranges from 1.2 to 1.05. 
Condensation pressure drop 
The condensation pressure drops penalty factors (PF^/) were fit to Equations 
15.12 and 15.13. Table 15.15 shows the least squares estimations of the constants 
in Equation 15.12, while those for Equation 15.13 are shown in Table 15.16. The 
m a j o r i t y  o f  t h e  c o r r e l a t i o n s  w e r e  e x c e l l e n t  f i t s  t o  t h e  e x p e r i m e n t a l  P F ^ / r a t i o s  
with R-squared values in the 0.9 range. The variations in the PF^/values for 
mixtures of HFC-134a and the 369 SUS ester were not estimated well by either 
equation. The PFyvalues for HFC-134a/369 SUS ester-m mixtures were about 
constant at 1.4 with small variations around that point. Figure 15.8 compares the 
265 
Table 15.13: Least squares estimates of PF^/from Equation 15.12 for evaporation 
of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
aO 1.3118 0.6028 1.2795 0.4009 1.9758 1.2944 
al 10.08 26.991 -4.073 7.397 1.473 -5.773 
a2 -0.2146 1.5701 -0.1451 1.2048 -1.6832 -0,1599 
a3 0 -22.925 0 0 0 0 
a4 0 -2497.0 0 0 1445.0 0 
a5 0 0 76.80 0 0 75.72 
a6 0 2147.6 -177.5 -36.01 -727.7 -192.9 
a7 0 462.1 239.7 0 -557.3 2895.0 
aS 0 -1.0370 0 -0.5471 0.74369 0 
Rsq 0.65 0,89 0.88 0.85 0.95 0.85 
Table 15.14: Least squares estimates of PF^/from Equation 15.13 for evaporation 
of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
bO 0.2615 -0.3392 0.2433 -0.5647 0.8087 0.2677 
bl 7.298 24.342 -2.464 6.724 1.490 -4.153 
b2 -0.1566 1.3403 -0.1198 1.1232 -1.3673 -0.1348 
b3 0 -21.414 0 0 0 0 
b4 0 -1772.4 0 0 1105.0 0 
b5 0 0 6.09 0 0 6.224 
b6 0 1597.5 -134.0 -34.27 -5.522 -1.489 
b7 0 262.5 164.8 0 -434.5 209.1 
b8 0 -0.8682 0 -0.5051 0.6016 0 
Rsq 0.64 0.88 0.90 0.84 0.96 0.83 
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Table 15.15: Least squares estimates of PF^/from Equation 15.12 for condensa­
tion of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
aO 1.5876 0.1711 1.3921 1.8405 4.1003 1.5939 
al 65.46 5.0817 -7.63 37.27 -21.61 63.01 
a2 -0.1583 2.9252 0 -0.2229 -3.0049 -3.3765 
a3 -97.15 28.913 0 -28.57 21.05 -23.27 
a4 0 -603.9 0 647.4 0 469.4 
a5 36.39 0 0 0 0 0 
a6 0 0 0 0 0 0 
a7 77.40 26.967 154.5 -801.1 0 -1149.0 
a8 0 -1.6555 0 0 0.7674 1.0926 
Rsq 0.95 0.98 0.38 0.86 0.94 0.89 
Table 15.16: Least squares estimates of PF^/from Equation 15.13 for condensa­
tion of all refrigerant/lubricant mixture pairs 
HFC-134a HFC-134a HFC-134a HFC-134a CFC-12 CFC-12 
Ester-m Ester-m Ester-m Ester-b Naphthenic Naphthenic 
169 SUS 169 SUS 369 SUS 150 SUS 150 SUS 300 SUS 
9.52 mm 12.7 mm 9.52 mm 9.52 mm 9.52 mm 9.52 mm 
bO 0.4748 -0.4747 0.3307 0.6234 1.7205 1.5939 
bl 37.20 6.339 -5.719 21.22 -11.97 18.59 
b2 -0.1149 1.8947 0 -0.1424 -1.4199 -1.4727 
b3 -53.70 14.4531 0 -16.36 11.99 0 
b4 40.71 -319.1 0 3.769 0 0 
b5 19.52 0 0 0 0 0 
b6 0 0 0 0 0 0 
b7 0 -30.765 115.4 -461.7 0 -308.2 
b8 0 -1.0547 0 0 0.3110 0.4213 
Rsq 0.94 0.99 0.44 0.91 0.96 0.93 
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experimental PF^/values with those predicted from Equation 15.12/Table 15.15. 
Most of the experimental PF^/values were estimated within ±10%. 
Conclusions 
A methodology for predicting the performance of refrigerant/lubricant mixtures 
in smooth tubes or micro-fin tubes was presented. Empirical equations were used to 
fit the heat transfer enhancement factors and the pressure drop penalty factors. The 
heat transfer enhancement factors or pressure drop penalty factors were formed by 
dividing the refrigerant/lubricant mixture results by the results for the pure refriger­
ant in a smooth tube. The models for the experimental heat transfer enhancement 
factors (EFg/or EF^/) and pressure drop penalty factors (PFyy^ or PF^/y^ ) 
can be used to modify a smooth tube correlation, allowing it to predict results for 
refrigerant/lubricant mixtures in either the smooth tube or the micro-fin tube. 
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Figure 15.8: Comparison of PF^/1 ratios for condensation with predicted values 
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CHAPTER 16. CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The current study focused on measuring the in-tube two-phase heat transfer 
and pressure drop characteristics of HFC-134a and CFC-12 under conditions typically 
found in refrigeration systems. The two tubes used in this study, a smooth tube and a 
micro-fin tube, were selected because of their use in refrigeration and air-conditioning 
systems. In addition, both refrigerants were studied with small amounts of lubricants 
(5% or less) added to the system. The evaporation and condensation heat transfer co­
efficients and pressure drop of HFC-134a/lubricant mixtures and CFC-12/lubricant 
mixtures were measured over a range of experimental conditions. HFC-134a was 
tested with three different lubricants: a 169 SUS and a 369 SUS penta erythritol es­
ter mixed-acid (ester-m) and a 150 SUS penta erythritol ester branched-acid (ester-b). 
CFC-12 was tested with a 150 SUS and a 300 SUS naphthenic lubricant. The exper­
imental data were used to develop a series of empirical correlations that can be used 
by designers to predict the performance of pure refrigerants or refrigerant/lubricant 
mixtures in smooth tubes or micro-fin tubes. 
Micro-fin tubes have been shown in previous studies with HCFC-22 to signifi­
cantly increase heat transfer coefficients while only causing small increases in pressure 
drops. One objective of the current study was to validate these effects with a new 
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refrigerant, namely HFC-134a. The experimental data showed a significant increase 
in the performance of HFC-134a in the micro-fin tube as compared to the smooth 
tube. Specifically, evaporation heat transfer coefficients were increased by 50% to 
100% with only a 10% to 30% increase in evaporation pressure drop, while con­
densation heat transfer coefficients were increased by 100% to 200% with a 40% to 
100% increase in condensation pressure drops. Similar results were obtained for pure 
CFC-12 in the micro-fin tube. The second experimental objective was to quantify the 
effect circulating lubricants have on the performance of HFC-134a and CFC-12 in the 
smooth tube and micro-fin tube. Circulating lubricants did have a significant effect 
on the heat transfer and pressure drop performance of the refrigerants. Even with 
the effects of lubricant concentration accounted for, the micro-fin tube maintained its 
performance advantage over the smooth tube. A summary of refrigerant/lubricant 
results are given in the following sections. 
Evaporation heat transfer 
Evaporation heat transfer coefficients had some distinct trends with lubricant 
concentration and lubricant viscosity. Tests with HFC-134a and CFC-12 with mix­
tures of 150 SUS lubricants in the smooth tube showed slight enhancements of 0% 
to 10% in evaporation heat transfer coefficients at low lubricant concentrations. At 
a higher lubricant concentration of 5% with the 150 SUS lubricants, the heat trans­
fer coefficients in the smooth tube were degraded buy 15% to 35%. The 300 SUS 
lubricants mixed with either refrigerants caused a continual decrease in the evap­
oration heat transfer coefficients, with a 15% to 35% reduction at a 5% lubricant 
concentration. 
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Micro-fin tube heat transfer coefficients for evaporation of refrigerant/lubricant 
mixtures in general showed no enhancement in heat transfer. The only exception 
was for mixtures of HFC-134a and a 169 SUS ester-m lubricant, which had 0% to 
10% enhancements in heat transfer coefficients in the 0% to 3% lubricant concentra­
tion range. All remaining refrigerant/lubricant mixtures showed continual decreases 
in evaporation heat transfer with the addition of lubricant. The decrease in heat 
transfer coefficients at a 5% lubricant concentration ranged from 10% to 50% for all 
refrigerant/lubricant mixtures. 
Condensation heat transfer 
Condensation heat transfer coefficients were decreased by the addition of lubri­
cant for all refrigerant/lubricant mixtures studied. In the smooth tube, decreases in 
heat transfer coefficients ranged from 10% to 15% at a 5% lubricant concentration. 
The effect of lubricant viscosity was shown to be insignificant in the lubricant con­
centration range tested. The condensation heat transfer coefficients in the micro-fin 
tube were also degraded by the addition of lubricant, with a 7% to 22% decrease at 
a 5% lubricant concentration. 
Evaporation pressure drop 
Evaporation pressure drop of both refrigerants was increased with the addition 
of lubricants. In the smooth tube, the pressure drop was increased by 30% to 75% 
over the 0% to 5% lubricant concentration range. The largest increase of 75% was 
measured for mixtures of HFC-134a and the 150 SUS ester-b lubricant. The remain­
ing refrigerant/lubricant mixtures had increases in smooth tube evaporation pressure 
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drop that ranged from 30% to 50%. The higher viscosity lubricants in general also 
had larger increases in pressure drop. 
Evaporation pressure drop in the micro-fin tube had smaller increases with lu­
bricant concentration than those measured for the smooth tube. The increases at 
a 5% lubricant concentration ranged from 20% to 45% for all refrigerant/lubricant 
mixtures tested. Lubricant viscosity was not a factor with the micro-fin tube results. 
Condensation pressure drops 
The effect of lubricant concentration on the condensation pressure drop varied 
widely among the refrigerant/lubricant pairs tested in this study. For CFC-12, the 
150 SUS and 300 SUS lubricants caused increases of 0% to 40% in the condensation 
pressure drop with both the smooth tube and the micro-fin tube. The condensa­
tion pressure drop for mixtures of HFC-134a and the 150 SUS ester-b lubricant was 
increased slightly (0% to 10%) over the range of lubricant concentrations tested in 
both the smooth tube and the micro-fin tube. Mixtures of HFC-134a and the 369 
SUS ester-m lubricant had decreases in smooth tube pressure drop of 5% to 10% 
and slight increases of 0% to 10% in micro-fin tube pressure drop. The mixture of 
HFC-134a and the 169 SUS ester-m had 0% to 200% increases in pressure drop for 
both the smooth tube and micro-fin tube. Each refrigerant/lubricant mixture pair 
appears to have unique interactions that affect condensation pressure drops. Exper­




Some areas of future research have suggested themselves during the course of 
this study. Research is needed in all aspects of two-phase flow because fundamental 
understanding of many of the phenomena is still lacking. The following recommen­
dations for future research are focused on developing a better understanding of the 
two-phase flow phenomena. 
1. Measuring local heat transfer coefficients for refrigerant/lubricant mixtures 
would aid in developing some general correlations for refrigerant lubricant mix­
tures. 
2. Local heat transfer coefficients are also needed for pure refrigerants in aug­
mented tubes. Although less accurate as a rule than average heat transfer • 
coefficients, local heat transfer coefficients are necessary when building a gen­
eral model for pure refrigerants in augmented tubes. 
3. The area of refrigerant/lubricant interactions in the high quality regions of an 
evaporator or condenser needs development. Oil hold up in an evaporator or 
condenser has been mentioned in past studies but has never been proven or 
quantified. Studies are needed which define and measure local lubricant con­
centrations during evaporation and condensation. Accurate mixture properties 
can not be obtained until local lubricant concentrations are confirmed. 
4. Solubility data must be obtained in the range applicable for evaporator and 
condensers. In the past, solubility data has centered on conditions typical at 
the exit of the compressor. As shown in this study, solubility data are also 
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useful in modeling temperature profiles in the evaporator or condenser. 
5. Property data for new lubricants must also be measured. Accurate thermal-
conductivities and specific heats must be available for the new lubricants if 
accurate models are to be developed for refrigerant/lubricant mixtures. 
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APPENDIX A. EQUIPMENT SPECIFICATIONS 
The following lists provide specific information about the équipement used in the 
experimental rig. The first table lists the equiptment used in the four main sections 
of the rig: refrigerant loop, water loop, water-glycol loop, and oil handling station. 
The second table lists the equipment used for data acquisition. 
Table A.l: Equipment in flow loops 
Loop Description Manufacture Model 
Refrigerant Co-axial heat exchanger Edwards Engineering 84 
Refrigerant Positive displacement pump Wanner Engineering D-10 
Refrigerant Nicrome wire heater March Bead Heaters MBH-150G 
Refrigerant Accumulator Oil-Air-Industries 1-1002 
Refrigerant 1200-amp rectifier American Rectifier SIMSAF 
611225E 
Refrigerant Oil separator Temperite 
Water Pump March TE-5.5CMD 
Water 2000 Watt heater Watlow BCC 11G3 
Glycol Pump March TE-5.5CMD 
Glycol Refrigeration unit Snyder Gerneral BW-0500 ES 
Oil Hydraulic cylinders 
Injection 
Clippard SDR-32-6 




Table A.2: Data acquistion équipement 
Description Manufacture Speciflcations Model 
Electronic scale Fisher 
Pressure Setra Variable capacitance, 
0-250 psia (± 0.10 % ) 
280-E 
Pressure Sensotec Strain Gauge, 
0-500 psig (± 0.25 %) 
Z708-18 
Power Supply Omega For Pressure gauge PST-10 
Pressure drop Setra Variable capacitance, 
10 psid (± 0.10%) 
228-1 
Thermocouples Omega SS sheathed Type-T 
Cold junction Omega Electronic ice point MCJ-T 
RTD Hy-Cal 1000 ohm (± 0.07 "C ) RTS-36 
Current Transmitter Hy-Cal For RTD CT-807-b 
Refrigerant flow meter Connometer Positive Displacement 
(± 1%) 
B-13-AAS 
Refrigerant flow meter Exac Coriolis effect 
(± 0.15 %) 
Water flow meter Exac Coriolis effect 
(± 0.15 %) 
Water flow meter Water-mag Magnetic (±1%) 7485-
W1A66A 
Multimeter Hewlett-Packard Digital Multimeter 3457A 
Scanner Hewlett-Packard Switch control 3488A 
Scanner Board Hewlett-Packard Multiplexer Board 4470A 
Scanner Board Hewlett-Packard Matrix Switch 4473A 
Controller Zenith Personal Computer 386 
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APPENDIX B. ERROR ANALYSIS 
The uncertainty for several of the parameters measured and calculated during 
this study are calculated in this appendix. Uncertainties in the heat transfer coef­
ficients and enhancement factors are calculated with a propagation of error method 
[62]. The uncertainties in the measured pressure drops are calculated from a statis­
tical perspective. 
Uncertainties in Heat Transfer Coefficients 
The experimental uncertainty associated with a typical condensation data run 
is calculated. A propagation-of-error method [62] is used to estimate the experimen­
tal uncertainty on the mass flux, inlet quality, quality change, and convection heat 
transfer coefficient. This sample calculation was a typical condensation cases for pure 
HFC-134a in the smooth tube at a mass flux of 300 . The sample calculation 
m^s 
is used as a check on the computer program which generated the uncertainties given 
Tables 4.1 and 4.2. Table B.l lists the experimental data needed for the sample 
calculation. The uncertainty (U) of the various measurement is determined from 
manufacturers literature wherever possible. A list of the measurement equipment 
and uncertainties are given in Table A.2. In other cases, where the data were from 
tabulated data or geometric measurements, the values had to be estimated from best 
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judgment. 
Table B.l: Data for sample calculation 
Item Value Item Value 
^sat 0.9754 MPa Qt -1657 W 
28.38° C Uo 
30.67 °C ho 
LMTD 8.84 2855 
K 
mr 0.01536 ^ ^in 0.82 
mw 0.1732 ^ ^out 0.17 
4 (i d.) 8.0 mm AP 4.73 kPa 
dt (o.d.) 9.5 mm 9.954 V 
da i.d. 17.20 mm h 311.03 amp 
0.09199 1 3.66 m 
Ao 0.1095 1175 
my 
Aca 5.027 X 10~^m^ 
Mass flux 
The refrigerant mass flux is determined from: 
G = mr 
A-ca 
(B.l) 
where mr is the refrigerant mass flow rate and Aca is the cross section area of the 
tube. The uncertainty in the mass flux {UQ) can be expressed as follows with the 
propagation of error analysis. 
UQ = dG 
dthr + dA 
-.1 













The uncertainty in the mass flow rate is ± 0.15% of reading for the Coriolis effect 
flow meter listed in Table A.2. 
= 2.304 X 10 -5 (B.5) 
Calculating the uncertainty in the cross sectional area {Aca) requires additional steps. 
Using the formula for cross sectional area 
^Aca -
( dAca jr ^ ^ 
1 
\ ddl y 
where is the diameter of the refrigerant tube. The partial derivative is 
= 0.01256 m 
ddt 2 
The uncertainty in the diameter is estimated to be 
= 0.0001 m 
Inserting numbers gives an uncertainty in the cross sectional area of 
(B.6) 
(B.7) 
UAca = [(0.01256 • O.OOOl)^]^ = 1.256 x lO'^m^ 
All terms in Equation B.2 are known and the uncertainty in the mass flux is. 
Uq = (l9,892 • 2.304 x 10~^)^ + (6.079 x 10® • 1.256 x 10"®)^] ^  
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Uq — 6.12-^ 
The mass flux was 300 kg/m^-s giving an uncertainty of about ± 2.0 %. 
Inlet vapor quality 
The propagation-of-error method is applied to the equation that determines the 
inlet vapor quality given in Chapter 4. The inlet quality to the test section is also 
the quality exiting the boiler. The expression for inlet quality is 
^in - ~ 
' f g  
[ 0 - 9 8 - ( n - / f t )  
mr 
-CpriAT) (B.8) 
where AT is — which is the refrigerant saturation temperature minus the 
temperature of the subcooled refrigerant entering the boiler. The uncertainty in the 
inlet vapor quality is determined by forming the partial of Equation B.8 as follows. 
ux. in 
in Ux + 
dX. in 
dVu ^Vu] + 
(^^iny , y 
\ d m r  + 
(dx ,  m 
^Ci + 




\ d C p r ^ P r J  '  \ d A T  
The expression for each partial is found from Equation B.8. The numerical values 
are found by substituting in the values listed in Table B.l. 
ax m 
di Î9 i 0.98 • Wh) mr — CprAT = -1.0484 X 10 -5 % (B.IO) 
dVfj I fg-mr V (B.ll) 
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= 3.850 X 10"^ \ (B.12) 
'b 
omr i J g . % 
(B.13) 
= 2.858 X 10-4 (B.14) 
dCpr ifg J 
9.134 X 10-3 ^ (B.15) 
The uncertainty in the enthalpy of vaporization is estimated as ± 1.5% of the value 
The uncertainty in the boiler input voltage and current is estimated as ± 1.5%. This 
uncertainty accounts for fluctuations in the voltage and current read by the voltmeter. 
Uy^ = 0.149 V 
= 4.96 A 
The uncertainty in the Coriolis effect refrigerant flow meter is ± 0.15%. 
= 2.304 X 10"^ ^ 
The uncertainty in the specific heat is estimated at ± 1.5% of the value. 
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Calculating the uncertainty in the AT requires a few additional steps. The boiler 
inlet temperature measured with a thermocouple. The saturation temperature is 
determined from the pressure reading at the inlet to the test section. Given this 
information, the uncertainty in the AT can be calculated as follows 
= 








= —1. (B.18) 
The uncertainty in the Tg^f; reading is determined from the pressure reading and the 




The partial derivative is calculated from tabulated data by dividing the change in 
temperature with the corresponding change in pressure. 
The uncertainty in the pressure reading for the variable capacitance pressure gauge 
IS 
^^sat ~ M Pa 
Substituting the numerical values into Equation B.19 gives: 
= (38.1 • .0034) = 0.130 °C 
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The uncertainly of the thermocouple reading at the inlet of the boiler is taken from 
manufactures literature. 
Um, — 0.25 °C 
^in 
Now the uncertainly in the AT can be determined using Equation B.16. 
UaT = [(1-0-0.130)2+ (1.0-0.25)2] 2 = 0.282 
Finally, the uncertainty in the inlet quality is obtained by solving Equation B.9. 
= [(-1.0484 X 10-5 .2472)2 ^ (o.l20 • 0.149)2 + (3.850 x 10"^ • 4.96)2 ^ 
(78.0 • 2.304 X 10-5)2 + (2.86 x lO'^ • 22)2 + (9.13 x 10"^ • 0.282)2)2 
Uv. — 0.033 
^in 
The inlet quality was 0.83. 
Quality change 
Using the equations given in Chapter 4, the quality change through the test 
section can be expressed as 
vriw • Cpw ' ATw AX = (B.20) 
where the subscripts w represents the water side values. Equation B.20 is used to 
estimate the uncertainty in the AX by forming the partials as was done in previous 
examples. 
^AX 
( dAX U^. 
\dmw 
,  / a A X  V  f d A X , ,  
I dCpw j i dATw 
I drhr j + ^ Qi (B.21) 
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where 
^ = 3.780 ^ (B.22) 
omw mr-tjg kg 
^ = 1.56. 10-4 
a C p w  ^ r - i f g  J  
^ = .ÈElCto^ = 42.62 f (B.25) 
omr '^r-ifg % 
^ = ""'• CP-" • = 2.293 X 10-5 ^ (B.26) 
5./J ./ 
The uncertainty in the refrigerant mass flow measurement and the enthalpy of va­
porization were determined in the previous section. 
= 1.061 X 10-4 M 
The uncertainty in the water mass flow rate, which was measured with a coriolis 
effect flow meter is ±0.15%. 
Umw = 2.60 X 10-4 M 
The uncertainty in the water specific heat was estimated as ±1.0%. 
"Cm = 419 
293 











The uncertainty is the temperature measurements at the inlet and exit of the annulus 
was taken from the manufactures calibration of the RTD's. 
^Ti ~ ^T2 ~ 
substituting the values into Equation B.27 yields 
= [(1.0 •0.05)2+ (1.0-0.05)2] 2 = 0.071 
The uncertainty in the quality change can now be calculated by substituting values 
into Equation B.21. 
U/^X = [(3.780 • 2.598 x lO"'^)^ + (1.563 x 10"^ • 41.9)2 + (0.287 • 0.071)^ 
+(42.62 • 2.034 x 10"^)^ + (2.293 x 10"^ • 2472)2)2 
~ 0.043 
The quality change through the test section was 0.654. 
Inside heat transfer coefficient 
The inside heat transfer coefficient is determined from three main equations 
listed in Chapter 2. 
Qw — 'àiw ' Cpw ' ^Txo (B.29) 
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LMTD • A, (B.30) 
1 (B.31) (zfe - è) ^  
Applying the propagation of error to these series of equations will give an estimate 
of the uncertainty associated with the inside convective heat transfer coefficient. 
The annulus side heat transfer coefficient used in Equation B.31 was determined 
with a modified Wilson plot technique similar to that applied by Schlager [3]. The 
uncertainty in the annulus side heat transfer coefficient is estimated to be ±5%. The 
uncertainty in the remaining terms are calculated in the following sections. 
Test section heat transfer From Equation B.29 the uncertainty in the heat 
transferred in the test section can be estimated as 
where 
^ = Cpw/^Tw = 9,569 ^ 




The uncertainties associated with these values have been calculated in the previous 
section as follows 
= 2-56 X 10-4 ^  
J 
= 0071 
Applying theses values to Equation B.32 yields 
Uqw = [(9569 • 2.56 x 10"^)^ + (0.396 • 41.9)^ + (726 • 0.071)' 
= 53.9 ly 
The total heat transfer in the test section was 1657 W. 
Overall heat transfer coefficient Using Equation B.30 the uncertainty in 
the overall heat transfer coefficient is 
= 
where 
, / d U o  „  \ ' ^ . ( s u o , ,  
^Qt) [dLMTD^^TDj 
= 1 = 1 033 1 





Wt = -LMTD^-Ao = ^  
The uncertainty in Q/, as calculated in the previous section, is 
=  5 3  9 ^  
Estimating the uncertainty in the LMTD requires a few additional steps. The LMTD 
is given by the expression 
-=w (B.40) 
where 
- '^ 3ttt ~ (B-41) 
= Tsat - Tw„^t (B.42) 
The resulting equation for the uncertainty in the LMTD from Equation B.40 is 
(B.43) ^LMTD = 
where 
(dLMTD^^ fdLMTD,,  
V dATi j ( dAT2 ^^2 j 




_ ATi - ATg 1 . 1 (B.45) 
dLMTD 
The uncertainty in the AT is calculated from the saturation temperature and water 
inlet and exit temperatures. A calculation of this type was performed in a previous 
section only the temperature measuring device used was a thermocouple instead of the 
RTD used here. The uncertainties in the temperature difference measurements AT^ 
and A22 are calculated using Equations B.16 through B.19 with the uncertainties 
for a RTD replacing that for the thermocouple. The resulting uncertainty is 
The only term left to evaluate in Equation B.36 is the uncertainty in the surface area 
of the tube. The surface area of a tube is 
ATi = A22 = 0.140 °C 
Substituting the values into Equation B.43 yields 
UlmTD = [(0.459-.140)2+ (0.545-0.140)2] 2 ^ Q.IOO °C 
Ao =  TT -  •  I  (B.46) 




= TT - / = 11.49 1 (B.48) 
m 
298 
—^ = TT • dt = 0.0298 — (B.49) 
at '' m ^ ^ 
The uncertainty in the measurement of the tube length and diameter are estimated 
as 
= 3.0 X 10 m 
Ui = 5.0 X 10-3 ^  
Substituting the numerical values into the Equation B.36 gives 
UAo = 49 • 3.0 X 10"^)^ + (0.0298 • 5.0 X lO'^)^] ^  = 3.76 x 10"^ m' 
Finally, the uncertainty in the overall heat transfer coefficient Uo can be determined 
by substituting the numerical values into Equation B.36. 
1 
^Uo = (1.033 • 53.9)2 ^ (_i93.6 . 0.100)^ + (l.563 x 10^ • 3.76 x 10"^)^]^ 
W 
Inside convective heat transfer coefficient The uncertainty in the inside 
convective heat transfer coefficient is determined from Equation B.31. The resulting 
equation is 
% = dh:  






ô/ij  Ao '  ho ,  Ao '  ho • Uo 
+ T-^—^ = 2.338 (B.51) 
dUo Ai{ho-Uo) Ai-{ho-Uo)^ 
Each of the uncertainties listed in Equation B.50 have been calculated in a previous 
section and are as follows: 
Ua- = [//ig = 3.76 X 10-4 
Substituting the numerical values into Equation B.50 gives 
CZ/j. = [ (2.338 • 59.03)2 + (0.1918 • 298)2 + (31,047 • 3.76 x lO'^)^ 
+ (26,082-3.76 X 10-"^)^ ] 2  
300 
The in-tube heat transfer coefficient was 2855 Wjrn^'K . Giving an uncertainty in 
the in-tube convection heat transfer coefficient that is about ± 5.3%. 
Uncertainties in Pressure Drop 
The uncertainties in the pressure drop readings were calculated statistically. A 
propagation of error analysis was not done because the random variations in pres­
sure drops that occur with two-phase flow exceed the uncertainty in the differential 
pressure gauge by an order of magnitude. The statistical analysis also yields valuable 
information about the variations in pressure drop. 
During each test run, the pressure drop across the tube was measured 35 times. 
The 35 data points were used to calculate a sample standard deviation. The sample 
standard deviation can be used to calculated a 95% confidence interval for the mean 
pressure drop value. The equation used to calculate the 95% confidence interval was 
where y is the sample mean and s{y) is the population standard deviation. The 
sample standard deviation is related to the population standard deviation by 
where s is the sample standard deviation and n is the number of data points. The 
95% confidence interval and sample standard deviations for a number of test are given 
in Table B.2, B.3, B.4, and B.5. In each table, the sample standard deviation and 
95% confidence interval for pressure drops are listed over a range of mass fluxes and 




Table B.2; Sample standard deviation and 95% confidence interval for evaporation 
pressure drops in the smooth tube in kPa 
Mass flux Oi 1% 
kgfm^s 
0.0% 0.5% 1.0% 3.0% 
STD 95% CI STD 95% CI STD 95% CI STD 95% CI 
85 0.33 0.11 0.47 0.16 0.67 0.23 1.57 0.60 
125 0.57 0.20 0.90 0.31 1.31 0.47 2.02 0.71 
200 1.24 0.43 1.08 0.38 2.50 0.89 3.56 1.30 
300 1.89 0.68 2.31 0.82 2.71 0.96 2.39 0.83 
375 1.46 0.50 2.13 0.75 1.63 0.60 1.69 0.60 
data collected for HFC-134a and the 169 SUS ester lubricant in the 9.52 mm O.D. 
tube. 
The sample standard deviation and 95% confidence interval do increase with 
mass fluxes to some degree in each table. Lubricant concentration does not appear 
to have a significant effect. The results for all tests are summarized in Table B.6. 
The table lists the average sample standard deviation and 95% confidence interval at 
each mass flux for each test type. 
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Table B.3: Sample standard deviation and 95% confidence interval for condensation 
pressure drops in the smooth tube in kPa 
Mass flux Oi 1% 
kg/rrf is  
0.0% 0.5% 1.0% 3.0% 
STD 95% CI STD 95% CI STD 95% CI STD 95% CI 
85 0.13 0.05 0.86 0.30 0.55 0.09 0.35 0.12 
125 0.62 0.22 0.42 0.15 0.70 0.30 0.46 0.16 
200 1.22 0.43 0.91 0.33 0.44 0.16 1.88 0.64 
300 3.25 1.14 1.06 0.37 0.89 0.31 2.30 0.81 
375 2.83 1.00 1.67 0.60 0.65 0.23 4.35 1.54 
Table B.4: Sample standard deviation and 95% confidence interval for evaporation 
pressure drops in the micro-fin tube in kPa 
Mass flux Oi 1% 
kg/m^s 
0.0% 0.5% 1.0% 3.0% 
STD 95% CI STD 95% CI STD 95% CI STD 95% CI 
85 0.40 0.14 0.40 0.14 0.95 0.33 0.88 0.31 
125 0.62 0.21 1.04 0.40 2.16 0.77 2.92 1.03 
200 2.21 0.78 1.83 0.65 2.76 0.98 2.68 0.95 
300 1.97 0.69 2.92 1.01 3.33 1.20 3.58 1.26 
375 3.79 1.33 2.54 0.90 3.15 1.11 4.08 1.44 
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Table B.5; Sample standard deviation and 95% confidence interval for condensation 
pressure drops in the micro-fin in kPa 
Mass flux Oil% 
kg/rn^s 
0.0% 0.5% 1.0% 3.0% 
STD 95% CI STD 95% CI STD 95% CI STD 95% CI 
125 0.55 0.19 0.65 0.23 1.15 0.40 1.05 0.37 
200 1.35 0.48 1.49 0.53 1.28 0.45 2.47 0.86 
300 1.56 0.55 2.42 0.86 2.32 0.82 1.62 0.56 
375 2.01 0.71 2.61 0.93 3.02 1.07 1.54 0.53 
Table B.6: Average sample standard deviation and 95% confidence interval for all 
conditions in kPa 
Mass flux Test Type 
kg/m^s 
Eva p. S.T. Con. S.T. Eva 3. M.F. Con. M.F. 
STD 95% CI STD 95% CI STD 95% CI STD 95% CI 
85 0.69 0.24 0.47 0.17 0.65 0.23 - -
125 1.20 0.42 0.55 0.19 1.68 0.59 0.85 0.30 
200 2.09 0.74 1.11 0.39 2.37 0.84 1.67 0.58 
300 2.33 0.82 1.88 0.66 2.95 1.04 1.98 0.69 
375 2.22 0.78 2.38 0.84 3.39 1.20 2.30 0.81 
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APPENDIX C. TABULATED DATA 
The experimental data for all tests are reported in this Appendix. The data are 
arranged by group and then by lubricant type. For example, the HFC-134a results 
are given first followed by CFC-12 results. For HFC-134a, the ester-m lubricant data 
are given first followed by the ester-b data. The data reported for each test run are 
the mass flux, lubricant concentration, heat transfer coefficient, average heat flux, 
quality in, quality out, average pressure in the tube, average saturation temperature, 
and the pressure drop. The heat transfer coefficients reported are average heat trans­
fer coefficients that have been adjusted for the presence of lubricant (see Chapter 5). 
The average saturation temperature reported is that for the pure refrigerant. Specif­
ically, the average saturation temperature has not been adjusted for the presence of 
lubricant. The heat fluxes listed in the tables are calculated by dividing the test 
section energy transfer by the inside surface area. The inside surface area used for 
the 9.52-mm O.D. smooth tube was 0.0920 and that for 9.52-mm O.D. micro-
fin tube was 0.0985 m^. The inside surface area for the 12.7-mm outside diameter 
smooth tube was 0.128 and that for the 12.7-mm outside diameter micro-fin tube 
was 0.137 m^. The inside surface area for the micro-fin tube was calculated from 
the mean inside diameter which is the maximum inside diameter minus half the fin 
height. The 12.7-mm outside diameter tubes data are listed in Tables C.13 through 
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C.16 all the remaining tables are for the 9.52 mm outside diameter tubes. 
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Table C,l: Smooth tube evaporation data for mixtures of HFC-134a and a 169 SUS 
ester-m lubricant 
G % Oil h q// Xin Xout P Tsat A P 
•M- % W 
rn^CJ 
m 
rr?/ % % MPa C kPa 
86 0.0 1727 7.46 .05 .85 0.310 1.6 2.19 
86 0.0 1694 7.38 .05 .84 0.311 1.7 2.15 
121 0.0 2353 10.16 .05 .82 0.306 1.2 4.66 
121 0.0 2382 10.15 .05 .82 0.306 1.3 4.55 
125 0.0 2447 10.64 .07 .85 0.299 0.7 5.39 
200 0.0 3385 15.39 .11 .82 0.305 1.2 13.34 
200 0.0 3459 15.26 .11 .82 0.307 1.3 13.35 
201 0.0 3440 15.37 .11 .82 0.305 1.2 13.48 
310 0.0 4485 25.30 .07 .82 0.303 1.0 27.40 
308 0.0 4286 25.39 .07 .83 0.299 0.7 28.06 
307 0.0 4573 25.38 .07 .83 0.304 1.1 27.42 
372 0.0 5209 28.19 .10 .80 0.310 1.6 39.24 
362 0.0 5237 28.32 .11 .83 0.310 1.6 38.72 
90 0.5 1961 7.00 .09 .81 0.308 1.5 3.41 
89 0.5 1880 6.96 .09 .81 0.306 1.3 3.86 
89 0.5 1950 6.97 .09 .82 0.305 1.2 3.81 
133 0.5 2719 10.81 .10 .81 0.305 1.1 6.56 
132 0.5 2677 10.11 .10 .80 0.305 1.2 6.55 
201 0.5 3437 15.80 .06 .79 0.307 1.3 13.20 
201 0.5 3446 15.73 .06 .79 0.309 1.5 12.95 
296 0.5 4264 23.76 .06 .80 0.304 1.1 26.01 
297 0.5 4387 23.25 .06 .79 0.312 1.7 25.51 
370 0.5 4848 29.00 .08 .81 0.323 2.7 37.95 
374 0.5 4757 36.94 .08 .80 0.321 2.5 36.94 
88 1.0 1875 7.22 .11 .86 0.300 0.7 3.39 
88 1.0 1847 7.12 .11 .86 0.299 0.6 3.44 
126 1.0 2457 9.61 .09 .79 0.308 1.4 6.01 
127 1.0 2551 9.72 .09 .80 0.309 1.5 5.64 
200 1.0 3202 15.67 .08 .81 0.307 1.3 14.55 
202 1.0 3326 15.72 .09 .81 0.308 1.4 14.04 
299 1.0 4617 23.37 .10 .82 0.301 0.8 30.63 
302 1.0 4539 23.26 .10 .81 0.301 0.8 30.49 
390 1.0 5106 29.02 .10 .79 0.313 1.9 43.34 
383 1.0 5137 29.08 .10 .81 0.311 1.7 43.22 
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Table C.l (Continued) 
G % Oil h q// Xin Xout P Tsat A P 
J» 
mAn % 
W kW % % MPa C kPa 
87 1.9 1730 6.65 .08 .79 0.309 1.5 4.24 
87 1.9 1910 6.46 .08 .78 0.315 2.0 3.94 
129 1.9 2590 10.99 .09 .88 0.305 1.1 8.79 
131 1.9 2768 10.82 .09 .85 0.313 1.9 8.55 
131 1.9 2712 10.90 .09 .86 0.312 1.8 8.76 
203 1.9 3744 15.20 .12 .81 0.301 0.8 16.79 
197 1.9 3791 14.73 .13 .81 0.294 0.2 16.64 
298 1.9 5174 21.65 .12 .79 0.302 0.9 33.62 
299 1.9 5101 22.63 .12 .82 0.299 0.6 34.30 
381 1.9 5349 28.04 .10 .78 0.309 1.5 44.70 
386 1.9 5312 28.39 .11 .78 0.305 1.2 46.67 
91 2.9 2220 6.91 .10 .80 0.316 2.1 3.85 
126 2.9 2405 10.45 .09 .85 0.306 1.3 8.39 
129 2.9 2379 11.05 .09 .87 0.297 0.5 9.28 
128 2.9 2416 10.98 .08 .87 0.300 0.7 9.39 
202 2.9 3141 16.05 .10 .83 0.292 0.2 19.06 
203 2.9 3053 16.19 .10 .83 0.290 0.0 19.36 
303 2.9 4459 23.64 .12 .83 0.298 0.5 36.30 
303 2.9 4158 24.17 .12 .85 0.294 0.2 39.12 
393 2.9 5634 30.18 .13 .84 0.309 1.5 55.34 
398 2.9 5831 29.11 .12 .80 0.311 1.7 52.46 
388 2.9 5872 29.03 .13 .82 0.310 1.6 52.37 
93 5.0 1883 7.16 .13 .84 0.313 1.9 3.58 
93 5.0 1729 7.41 .13 .86 0.307 1.4 5.32 
122 5.0 2097 9.75 .10 .83 0.306 1.2 8.90 
122 5.0 2151 9.68 .10 .83 0.314 1.9 8.69 
199 5.0 2338 14.97 .11 .80 0.303 1.0 19.56 
200 5.0 2230 14.92 .11 .80 0.304 1.1 18.47 
199 5.0 2254 14.89 .11 .80 0.306 1.2 19.95 
297 5.0 3292 22.86 .14 .84 0.297 0.4 40.94 
297 5.0 3339 23.20 .13 .85 0.295 0.3 41.13 
307 5.0 3088 22.92 .11 .80 0.304 1.0 39.56 
366 5.0 4430 27.55 .13 .83 0.332 3.5 49.35 
361 5.0 4485 27.43 .13 .84 0.334 3.6 46.42 
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Table C.2: Micro-fin tube evaporation data for mixtures of HFC-134a and a 169 
SUS ester-m lubricant 




m2 % % MPa C kPa 
85 0.0 3812 7.49 .08 .84 0.310 1.6 3.33 
91 0.0 3743 7.74 .08 .81 0.308 1.4 3.78 
129 0.0 4851 11.62 .05 .82 0.307 1.3 5.55 
130 0.0 4881 11.45 .05 .81 0.310 1.6 5.43 
198 0.0 5990 17.06 .07 .81 0.308 1.4 13.38 
197 0.0 5915 17.62 .07 .84 0.304 1.1 14.19 
200 0.0 5716 16.91 .10 .83 0.304 1.0 14.66 
289 0.0 6861 24.25 .08 .81 0.314 1.9 27.22 
299 0.0 6625 25.97 .08 .82 0.313 1.8 30.19 
367 0.0 7512 31.61 .07 .82 0.329 3.2 40.06 
373 0.0 7244 32.09 .09 .83 0.324 2.7 42.74 
375 0.0 7193 31.32 .09 .81 0.317 2.2 44.47 
80 0.5 5102 5.76 .10 .73 0.321 2.5 1.8 
79 0.5 4999 6.98 .11 .87 0.312 1.8 2.16 
80 0.5 5130 7.10 .11 .87 0.313 1.8 2.17 
117 0.5 5382 9.52 .11 .81 0.307 1.3 5.93 
116 0.5 5725 9.51 .11 .82 0.309 1.4 5.84 
117 0.5 5681 8.57 .10 .74 0.316 2.1 5.50 
194 0.5 6056 19.08 .05 .89 0.307 1.3 15.18 
205 0.5 6904 18.30 .08 .84 0.304 1.0 15.81 
204 0.5 6904 18.06 .08 .84 0.306 1.3 15.17 
288 0.5 7974 26.95 .13 .87 0.310 1.6 31.67 
306 0.5 7789 24.70 .11 .80 0.310 1.5 32.87 
385 0.5 8143 30.70 .08 .77 0.318 2.2 43.10 
359 0.5 7906 31.19 .10 .85 0.314 1.9 44.78 
85 1.0 3950 7.75 .07 .85 0.319 2.3 6.07 
84 1.0 3900 7.33 .07 .83 0.309 1.5 6.15 
125 1.0 4956 11.41 .10 .88 0.299 0.6 9.58 
126 1.0 5009 11.23 .10 .87 0.301 0.8 9^8 
195 1.0 6463 16.09 .10 .81 0.311 1.7 16.74 
200 1.0 6528 15.99 .09 .78 0.308 1.4 17.24 
300 1.0 7455 17.21 .09 .87 0.318 2.3 37.03 
305 1.0 7323 27.39 .09 .87 0.314 2.0 37.41 
367 1.0 7912 30.80 .10 .82 0.318 2.3 50.23 
367 1.0 8086 31.01 .10 .83 0.317 2.2 4&48 
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Table C.2 (Continued) 
G %Oil h q// Xin Xout P Tsat A? 
m^a 
% W M % % MPa C kPa 
78 1.9 4398 7.30 .08 .87 0.312 1.8 3.49 
79 1.9 4298 7.22 .08 .86 0.312 1.7 3.22 
130 1.9 5068 10.67 .08 .79 0.319 2.4 6.70 
131 1.9 5285 11.17 .09 .82 0.302 0.9 7.81 
206 1.9 6502 17.14 .08 .80 0.303 1.0 16.39 
206 1.9 6623 17.42 .08 .80 0.304 1.1 16.52 
205 1.9 6028 17.78 .08 .82 0.301 0.8 16.78 
315 1.9 7642 26.52 .09 .82 0.318 2.3 35.11 
297 1.9 7611 26.26 .11 .87 0.309 1.5 37.39 
371 1.9 9056 31.45 .10 .83 0.322 2.6 49.71 
383 1.9 8731 31.44 .10 .80 0.320 2.5 49.99 
387 1.9 9048 31.50 .09 .80 0.320 2.5 50.19 
81 2.9 4629 7.13 .07 .82 0.315 2.0 2.62 
81 2.9 4400 7.13 .07 .83 0.314 2.0 2.86 
127 2.9 5258 10.91 .09 .83 0.301 0.8 7.36 
125 2.9 5244 11.05 .08 .85 0.305 1.2 7.14 
124 2.9 5408 10.85 .08 .83 0.306 1.3 6.71 
199 2.9 6628 17.17 .09 .83 0.301 0.8 16.59 
199 2.9 7077 16.98 .08 .81 0.302 0.9 15.88 
201 2.9 6959 17.01 .08 .81 0.301 0.8 16.75 
308 2.9 8319 26.25 .09 .82 0.315 2.0 35.26 
309 2.9 8292 26.22 .08 .81 0.316 2.1 33.76 
310 2.9 8153 26.13 .08 .81 0.317 2.2 34.79 
376 2.9 9601 30.00 .08 .77 0.326 2.9 44.24 
361 2.9 9250 31.56 .08 .81 0.332 3.4 46.04 
82 5.0 3797 6.91 .09 .81 0.316 2.1 3.99 
81 5.0 3864 6.99 .09 .83 0.317 2.2 4.07 
123 5.0 3981 10.79 .07 .82 0.317 2.2 8.12 
123 5.0 4045 10.79 .07 .82 0.318 2.3 10.31 
125 5.0 3896 11.21 .07 .84 0.311 1.6 9.00 
198 5.0 4397 16.85 .09 .82 0.309 1.5 20.10 
202 5.0 4634 18,03 .09 .80 0.310 1.6 21.09 
289 5.0 6767 24.68 .10 .84 0.332 3.4 37.86 
286 5.0 6682 24.64 .11 .85 0.331 3.3 36.11 
359 5.0 6737 31.99 .12 .89 0.345 4.5 55.55 
368 5.0 6827 32.14 .11 .87 0.345 4.5 55.86 
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Table C.3: Smooth tube condensation data for mixtures of HFC-134a and a 169 
SUS ester-m lubricant 




kW % % MPa C kPa 
87 0.0 1747 5.45 .85 .15 1.008 39.7 .18 
87 0.0 1744 5.43 .85 .15 1.008 39.7 .21 
121 0.0 1877 7.59 .85 .15 1.003 39.5 .56 
121 0.0 1933 7.64 .85 .14 1.002 39.5 .62 
206 0.0 2314 13.13 .86 .15 0.992 39.1 2.37 
206 0.0 2314 13.11 .86 .15 0.990 39.0 2.59 
305 0.0 2855 18.06 .83 .16 0.975 38.4 5.30 
305 0.0 2809 18.02 .82 .16 0.976 38.5 5.53 
368 0.0 3170 23.08 .84 .14 0.996 39.3 8.94 
373 0.0 3120 22.85 .82 .14 0.993 39.1 8.63 
81 0.5 1722 5.68 .89 .11 1.005 39.6 .48 
80 0.5 1739 5.66 .89 .11 1.007 39.7 .46 
126 0.5 2111 8.34 .87 .12 1.008 39.7 1.69 
125 0.5 2101 8.35 .87 .13 1.009 39.8 1.65 
200 0.5 2320 13.19 .86 .12 1.012 39.9 2.95 
201 0.5 2325 13.10 .86 .13 1.013 39.9 2.85 
301 0.5 2780 19.86 .85 .10 1.024 40.3 5.78 
300 0.5 2755 19.83 .85 .10 1.026 40.3 5.96 
374 0.5 3164 24.40 .84 .11 1.030 40.5 8.46 
374 0.5 3254 24.10 .84 .12 1.020 40.1 9.36 
83 1.0 1690 5.47 .85 .11 1.002 39.5 0.15 
83 1.0 1681 5.44 .84 .11 1.006 39.6 0.13 
122 1.0 1837 8.64 .90 .11 1.008 39.7 0.59 
125 1.0 1834 8.60 .87 .10 1.012 39.9 0.62 
204 1.0 2199 13.89 .85 .09 1.003 39.5 1.91 
203 1.0 2198 13.94 .86 .09 1.005 39.6 1.88 
299 1.0 2602 20.54 .84 .08 0.999 39.3 4.61 
300 1.0 2593 20.50 .83 .07 1.000 39.4 4^2 
380 1.0 3032 25.54 .84 .09 1.001 39.4 8.10 
380 1.0 3025 25.64 .84 .09 1.005 39.6 7.86 
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Table C.3 (Continued) 




% % MPa C kPa 
133 1.9 1644 8.85 .84 .10 1.037 40.7 1.25 
132 1.9 1677 8.89 .85 .09 1.046 41.0 1.06 
201 1.9 2064 13.18 .84 .11 1.027 40.4 3.50 
202 1.9 2022 13.17 .84 .11 1.027 40.4 3.32 
298 1.9 2590 18.99 .86 .15 1.012 39.9 6.36 
299 1.9 2480 18.97 .84 .13 1.012 39.9 5.64 
299 1.9 2490 18.78 .83 .12 1.007 39.7 6.09 
377 1.9 2987 23.39 .84 .14 1.017 40.0 10.78 
377 1.9 3013 23.91 .85 .14 1.018 40.1 10.00 
376 1.9 2963 24.05 .85 .14 1.022 40.2 9.26 
85 2.9 1544 5.06 .81 .14 1.008 39.7 0.1 
85 2.9 1544 5.06 .80 .14 1.008 39.7 0.1 
131 2.9 1727 9.21 .86 .08 1.026 40.4 1.37 
132 2.9 1714 8.97 .86 .10 1.029 40.4 1.36 
203 2.9 2129 12.42 .82 .14 1.028 40.4 2.92 
203 2.9 2068 12.57 .83 .14 1.028 40.4 2.53 
300 2.9 2426 20.24 .84 .08 1.001 39.4 5.79 
300 2.9 2432 20.97 .84 .08 1.004 39.6 6.22 
374 2.9 2912 24.23 .84 .12 0.999 39.4 8.96 
374 2.9 2890 24.15 .83 .11 1.001 39.4 &88 
86 5.0 1589 5.51 .86 .14 0.996 39.2 0.72 
87 5.0 1585 5.52 .85 .14 0.995 39.2 0.58 
127 5.0 1672 8.38 .82 .08 1.017 40.0 2.92 
126 5.0 1636 8.13 .83 .10 1.020 40.1 2.91 
201 5.0 2145 12.33 .83 .15 0.990 39.0 3.66 
201 5.0 2040 12.34 .83 .15 0.990 39.0 3.64 
201 5.0 2087 12.84 .83 .12 0.990 39.0 3.38 
296 5.0 2519 18.61 .84 .14 1.013 39.9 7.86 
300 5.0 2508 18.88 .84 .13 1.021 40.2 8.27 
375 5.0 2950 23.68 .83 .13 0.983 38.7 10.45 
372 5.0 2911 23.62 .83 .13 0.982 38.7 10.47 
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Table C.4: Micro-fin tube condensation data for mixtures of HFC-134a and a 169 
SUS ester-m lubricant 
G %Oil h q/f Xin Xout P Tsat A ? 
M-
m/.<5 % 
kW % % MPa C kPa 
129 0.0 5937 8.91 .86 .15 0.987 38.9 1.05 
129 0.0 5521 9.04 .86 .14 0.985 38.8 1.07 
203 0.0 6269 13.88 .88 .17 0.996 39.2 3.28 
202 0.0 6021 14.27 .89 .15 1.011 39.8 3.31 
300 0.0 6685 21.19 .87 .14 0.983 39.7 8.07 
299 0.0 6594 21.32 .87 .14 0.987 38.9 8.34 
363 0.0 6868 24.40 .84 .15 0.978 38.5 12.40 
361 0.0 6797 24.71 .86 .15 0.984 38.7 11.85 
127 0.5 5312 8.82 .86 .13 1.041 40.8 1.49 
129 0.5 5714 9.10 .85 .11 1.040 40.8 1.44 
127 0.5 5371 9.04 .86 .12 1.039 40.8 1.41 
196 0.5 5883 13.54 .84 .13 0.992 39.1 2.98 
197 0.5 5861 13.54 .83 .12 0.991 39.0 2.87 
300 0.5 6472 20.22 .85 .15 1.008 39.7 8.35 
298 0.5 6207 20.61 .86 .14 1.010 39.7 7.58 
300 0.5 6359 20.67 .86 .14 1.008 39.7 7.94 
378 0.5 6769 25.52 .85 .14 1.004 39.6 12.72 
378 0.5 6741 25.60 .84 .13 1.000 39.4 12.79 
129 1.0 5694 8.82 .83 .12 1.000 39.4 1.50 
129 1.0 5666 8.81 .85 .13 1.000 39.4 1.76 
197 1.0 5866 13.9 .87 .13 1.017 40.1 3.23 
195 1.0 6119 13.89 .88 .14 1.019 40.1 3.96 
304 1.0 6645 19.30 .83 .17 1.017 40.0 7.50 
307 1.0 6444 20.21 .83 .14 1.019 40.1 7.43 
377 1.0 7006 26.46 .88 .15 1.003 39.5 12.17 
377 1.0 7217 26.49 .87 .15 0.999 39.4 12.75 
378 1.0 6715 26.80 .87 .13 1.009 39.8 12.62 
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Table C.4 (Continued) 
G % Oil h q// Xin Xout P Tsat A P 
Jo % W kW 
rn^ 
% % MPa C kPa 
125 1.9 4811 8.52 .86 .15 0.995 39.2 1.86 
125 1.9 4766 8.54 .87 .17 0.995 39.2 1.69 
200 1.9 5523 13.57 .85 .15 1.002 39.5 4.25 
202 1.9 5435 13.62 .84 .14 1.004 39.5 4.30 
305 1.9 5765 20.29 .80 .11 0.989 38.9 8.03 
303 1.9 5683 20.45 .81 .11 0.993 39.1 7.83 
367 1.9 6247 25.45 .84 .13 0.983 38.7 12.76 
367 1.9 6142 25.49 .84 .12 0.983 38.7 12.52 
126 2.9 4565 8.37 .82 .14 0.992 39.1 1.97 
127 2.9 4526 8.37 .81 .13 0.991 39.0 1.94 
195 2.9 5391 13.18 .83 .14 0.994 39.2 4.30 
196 2.9 5347 13.22 .84 .14 0.995 39.2 4.56 
299 2.9 5480 20.17 .83 .13 1.012 40.1 6.89 
300 2.9 5504 20.27 .83 .13 1.017 40.0 7.54 
378 2.9 5984 26.58 .84 .11 0.988 38.9 12.38 
376 2.9 5986 26.65 .85 .12 0.986 38.6 12.01 
128 5.0 4098 9.26 .85 .10 1.026 40.4 3.37 
130 5.0 4287 9.47 .84 .13 1.014 39.9 3.00 
201 5.0 4746 14.31 .84 .10 1.019 40.1 5.71 
202 5.0 4784 14.31 .84 .10 1.021 40.1 5.56 
297 5.0 5590 21.53 .84 .09 0.970 38.2 8.73 
298 5.0 5576 21.36 .84 .10 0.966 38.0 7.34 
366 5.0 6062 26.14 .87 .13 0.997 39.3 14,08 
367 5.0 5949 26.18 .87 .13 1.000 39.4 14.47 
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Table C.5; Smooth tube evaporation data for mixtures of HFC-134a and a 369 SUS 
ester-m lubricant 
G %Oil h q// Xin Xout P Tsat A P 




% % MPa C kPa 
86 0.0 1727 7.46 .05 .85 0.310 1.6 2.19 
86 0.0 1694 7.38 .05 .84 0.311 1.7 2.15 
121 0.0 2353 10.16 .05 .82 0.306 1.2 4.66 
121 0.0 2382 10.15 .05 .82 0.306 1.3 4.55 
125 0.0 2447 10.64 .07 .85 0.299 0.7 5.39 
200 0.0 3385 15.39 .11 .82 0.305 1.2 13.34 
200 0.0 3459 15.26 .11 .82 0.307 1.3 13.35 
201 0.0 3440 15.37 .11 .82 0.305 1.2 13.48 
310 0.0 4485 25.30 .07 .82 0.303 1.0 27.40 
308 0.0 4286 25.39 .07 .83 0.299 0.7 28.06 
307 0.0 4573 25.38 .07 .83 0.304 1.1 27.42 
372 0.0 5209 28.19 .10 .80 0.310 1.6 39.24 
362 0.0 5237 28.32 .11 .83 0.310 1.6 38.72 
87 0.6 1618 6.77 .09 .81 0.305 1.2 3.97 
88 0.6 1611 6.90 .10 .82 0.302 0.9 4.20 
121 0.6 2209 9.80 .07 .82 0.316 2.1 5.46 
125 0.6 2237 10.32 .07 .84 0.301 0.8 6.10 
204 0.6 2967 16.20 .08 .82 0.295 0.2 13.74 
203 0.6 3142 16.11 .09 .82 0.291 0.0 13.90 
201 0.6 3038 15.81 .07 .80 0.306 1.3 13.34 
299 0.6 3878 24.11 .09 .83 0.304 1.1 27.35 
304 0.6 3943 25.22 .09 .85 0.296 0.4 30.37 
368 0.6 4792 28.54 .10 .82 0.319 2.3 39.60 
365 0.6 4676 28.93 .10 .84 0.316 2.1 40.06 
87 1766 7.22 .05 .82 0.312 1.8 2.67 
88 1640 7.25 .06 .82 0.308 1.4 2.87 
128 2249 10.81 .08 .86 0.302 0.9 7.02 
128 2137 10.79 .08 ,86 0.299 0.7 6.32 
127 2226 10.80 .08 .87 0.302 0.9 6.29 
206 3329 15.48 .09 .79 0.308 1.4 13.85 
208 3292 15.25 .09 .77 0.308 1.4 13.06 
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Table C.5 (Continued) 
G % Oil h qft Xin Xout P Tsat A P 
h % W 
m^C m/ % % MPa C kPa 
299 3822 23.53 .09 .82 0.307 1.4 28.14 
299 3640 22.98 .08 .80 0.311 1.7 26.53 
297 3686 23.04 .09 .81 0.313 1.8 27.13 
368 4541 28.97 .09 .82 0.311 1.7 40.92 
375 4472 28.75 .09 .81 0.312 1.8 41.00 
87 2.4 1552 6.95 .10 .84 0.313 1.8 4.02 
87 2.4 1510 7.19 .10 .86 0.310 1.5 4.35 
87 2.4 1680 7.01 .08 .84 0.319 2.3 3.61 
126 2.4 2256 9.89 .09 .81 0.306 1.2 8.33 
127 2.4 2304 9.98 .09 .81 0.308 1.4 7.89 
202 2.4 2810 15.82 .11 .83 0.286 -0.6 18.15 
198 2.4 3126 15.39 .11 .84 0.313 1.9 16.43 
310 2.4 3624 24.04 .10 .81 0.295 0.3 36.58 
313 2.4 3606 24.00 .10 .80 0.295 0.3 35.09 
383 2.4 5209 28.52 .10 .80 0.330 3.2 44.10 
363 2.4 4868 28.39 .11 .84 0.326 2.9 45.29 
365 2.4 5032 28.83 .11 .85 0.324 2.8 47.55 
88 5.0 1475 6.67 .12 .82 0.320 2.5 5.69 
130 5.0 1927 9.90 .10 .80 0.309 1.5 11.43 
132 5.0 1964 10.01 .09 .80 0.310 1.5 11.06 
194 5.0 2352 13.94 .13 .79 0.294 0.2 21.55 
200 5.0 2364 14.37 .12 .79 0.292 0.2 21.96 
300 5.0 3144 22.52 .11 .81 0.308 1.4 42.19 
305 5.0 3012 22.65 .11 .80 0.303 1.0 42.76 
301 5.0 3044 22.80 .11 .81 0.302 0.9 43.14 
359 5.0 3277 27.41 .14 .84 0.319 2.4 58.70 
354 5.0 3477 27.58 .14 .87 0.323 2.7 58.39 
375 5.0 3558 27.78 .13 .82 0.324 2.8 57.45 
316 
Table C.6: Smooth tube evaporation data for mixtures of HFC-134a and a 369 SUS 
ester-m lubricant 
G %Oil h q// Xin Xout P Tsat A P 
. 
% W m 
mA % % MPa C kPa 
85 0.0 3812 7.49 .08 .84 0.310 1.6 3.33 
91 0.0 3743 7.74 .08 .81 0.308 1.4 3.78 
129 0.0 4851 11.62 .05 .82 0.307 1.3 5.55 
130 0.0 4881 11.45 .05 .81 0.310 1.6 5.43 
198 0.0 5990 17.06 .07 .81 0.308 1.4 13.38 
197 0.0 5915 17.62 .07 .84 0.304 1.1 14.19 
200 0.0 5716 16.91 .10 .83 0.304 1.0 14.66 
289 0.0 6861 24.25 .08 .81 0.314 1.9 27.22 
299 0.0 6625 25.97 .08 .82 0.313 1.8 30.19 
367 0.0 7512 31.61 .07 .82 0.329 3.2 40.06 
373 0.0 7244 32.09 .09 .83 0.324 2.7 42.74 
375 0.0 7193 31.32 .09 .81 0.317 2.2 44.47 
87 0.6 3441 7.75 .09 .85 0.312 1.8 4.49 
87 0.6 3565 7.42 .10 .83 0.308 1.4 4.63 
127 0.6 4265 10.68 .10 .82 0.309 1.5 7.51 
127 0.6 4236 10.60 .11 .83 0.310 1.6 7.27 
201 0.6 5417 17.60 .07 .82 0.292 0.2 14.77 
198 0.6 5474 17.35 .07 .82 0.292 0.1 15.20 
299 0.6 6253 25.32 .09 .81 0.310 1.6 30.05 
298 0.6 6117 25.36 .09 .81 0.309 1.5 30.53 
297 0.6 6245 25.93 .09 .84 0.304 1.1 32.07 
356 0.6 7103 31.09 .10 .85 0.324 2.8 42.85 
364 0.6 7092 31.57 .09 .84 0.317 2.2 44.41 
86 3558 7.15 .09 .80 0.313 1.8 2.62 
85 3688 7.02 .09 .80 0.314 1.9 2.72 
126 4775 11.01 .08 .83 0.314 1.9 5.37 
127 4601 11.09 .09 .84 0.313 1.8 5.98 
127 4766 11.09 .08 .84 0.315 2.0 5.93 
198 5139 17.21 .07 .81 0.293 0.3 15.06 
196 5099 16.87 .07 .81 0.292 0.1 14.76 
301 6480 24.44 .12 .82 0.325 2.8 33.13 
302 6608 24.61 .12 .83 0.330 3.3 32.92 
368 6618 28.64 .11 .79 0.334 3.6 44.20 
365 6965 29.87 .11 .82 0.340 4.1 44.52 
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Table C.6 (Continued) 





% % MPa C kPa 
87 2.4 3390 7.00 .10 .80 0.315 2.0 3.25 
87 2.4 3326 6.99 .10 .80 0.318 2.3 3.41 
87 2.4 3272 7.08 .10 .81 0.318 2.3 3.37 
126 2.4 4288 10.58 .10 .82 0.304 1.0 6.77 
126 2.4 4251 10.62 .10 .82 0.303 1.0 6.40 
197 2.4 5421 16.79 .09 .83 0.314 1.9 15.57 
197 2.4 5229 16.68 .09 .82 0.316 2.1 15.31 
198 2.4 5284 16.97 .10 .83 0.318 2.3 15.89 
298 2.4 6920 25.04 .10 .82 0.318 2.2 33.08 
300 2.4 7044 25.89 .09 .83 0.314 1.9 33.84 
361 2.4 7429 29.77 .12 .84 0.328 3.1 48.57 
358 2.4 7428 29.12 .12 .82 0.334 3.6 46.87 
88 5.0 2929 6.93 .11 .79 0.313 1.8 4.05 
88 5.0 2882 7.05 .11 .79 0.312 1.8 4.23 
89 5.0 2731 7.08 .10 .79 0.313 1.8 3.84 
131 5.0 3861 10.53 .10 .79 0.311 1.6 9.03 
129 5.0 3783 10.59 .11 .80 0.309 1.5 7.90 
129 5.0 3678 10.69 .11 .81 0.308 1.4 8.60 
198 5.0 4735 16.41 .10 .81 0.316 2.1 17.51 
200 5.0 4704 16.73 .10 .82 0.314 2.0 18.50 
200 5.0 4881 16.65 .10 .82 0.312 1.7 17.25 
312 5.0 5947 25.72 .11 .82 0.304 1.1 42.36 
309 5.0 5697 25.50 .11 .82 0.305 1.2 42.46 
291 5.0 5991 24.74 .13 .86 0.314 1.9 39.46 
375 5.0 7279 29.05 .13 .80 0.331 3.4 52.00 
379 5.0 6992 28.95 .12 .78 0.328 3.1 51.58 
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Table C.7: Smooth tube condensation data for mixtures of HFC-134a and a 369 
SUS ester-m lubricant 
G % Oil h q// Xin Xout P Tsat A P 
m/.q % m2(7 
kW 
rnk % % MPa C kPa 
87 0.0 1747 5.45 .85 .15 1.008 39.7 .18 
87 0.0 1744 5.43 .85 .15 1.008 39.7 .21 
121 0.0 1877 7.59 .85 .15 1.003 39.5 .56 
121 0.0 1933 7.64 .85 .14 1.002 39.5 .62 
206 0.0 2314 13.13 .86 .15 0.992 39.1 2.37 
206 0.0 2314 13.11 .86 .15 0.990 39.0 2.57 
305 0.0 2855 18.06 .83 .16 0.975 38.4 5.30 
305 0.0 2809 18.02 .82 .16 0.976 38.5 5.53 
368 0.0 3170 23.08 .84 .14 0.996 39.3 8.94 
373 0.0 3120 22.85 .82 .14 0.993 39.1 8.63 
88 0.6 1773 5.56 .86 .15 1.021 40.2 0.1 
88 0.6 1766 5.57 .86 .15 1.021 40.1 0.2 
121 0.6 1971 7.78 .86 .14 1.001 39.4 0.71 
123 0.6 1961 7.87 .86 .14 1.003 39.5 0.74 
199 0.6 2243 11.56 .79 .15 0.981 38.6 2.41 
199 0.6 2278 12.31 .84 .15 0.989 38.9 2.83 
200 0.6 2221 12.29 .82 .14 0.992 39.1 2.56 
296 0.6 2626 18.70 .84 .13 1.006 39.6 4.96 
298 0.6 2616 18.91 .83 .12 1.009 39.8 5.26 
374 0.6 3130 23.69 .83 .13 1.003 39.5 8.98 
375 0.6 3226 22.89 .83 .15 0.990 39.0 9.58 
89 1687 5.76 .86 .13 1.021 40.2 0.05 
89 1684 5.75 .86 .13 1.021 40.1 0.06 
122 1902 7.45 .82 .13 1.000 39.4 0.55 
122 1908 7.44 .81 .13 1.003 39.5 0.49 
203 2217 13.25 .83 .10 0.974 38.3 2.92 
202 2218 13.35 .84 .11 0.971 38.3 2.80 
301 2679 19.08 .83 .12 0.993 39.1 6.40 
302 2661 19.03 .82 .12 0.994 39.2 5.80 
369 3132 22.65 .82 .13 0.989 39.0 9.00 
367 3116 22.86 .83 .14 0.994 39.2 &72 
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Table C.7 (Continued) 
G %Oil h q// Xin Xout P Tsat A? 
J» % W 
m/ % % MPa C kPa 
87 2.4 1328 5.64 .83 .10 1.018 40.1 0.41 
87 2.4 1309 5.63 .83 .10 1.013 39.9 0.33 
86 2.4 1224 5.60 .83 .11 1.006 39.7 0.20 
132 2.4 1706 8.76 .82 .08 1.010 39.8 0.90 
131 2.4 1679 8.89 .83 .07 1.012 39.9 0.80 
209 2.4 2024 13.57 .83 .09 1.073 41.9 1.50 
208 2.4 1998 13.71 .84 .09 1.065 41.7 1.30 
303 2.4 2441 20.01 .83 .09 1.041 40.9 3.58 
299 2.4 2465 20.07 .85 .09 1.035 40.7 3.58 
384 2.4 2993 24.58 .83 .11 1.023 40.2 7.84 
384 2.4 3006 24.45 .83 .12 1.016 40.1 7.69 
88 5.0 1415 5.25 .81 .14 1.000 39.4 0.31 
87 5.0 1411 5.26 .81 .14 1.003 39.5 0.42 
126 5.0 1685 8.36 .84 .10 1.011 39.8 0.59 
126 5.0 1675 8.33 .85 .10 1.007 39.7 0.36 
194 5.0 1897 12,76 .81 .08 1.003 39.5 1.77 
194 5.0 1897 12.82 .82 .08 1.005 39.6 1.82 
301 5.0 2424 17.87 .80 .13 0.993 39.1 4.32 
301 5.0 2460 17.80 .80 .14 0.989 39.0 4.95 
380 5.0 2867 24.32 .83 .12 1.002 39.5 9.24 
380 5.0 2861 24.38 .83 .11 1.004 39.6 8.64 
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Table C.8: Micro-fin tube condensation data for mixtures of HFC-134a and a 369 
SUS ester-m lubricant 






517.2 % % MPa C kPa 
129 0.0 5937 8.91 .86 .15 0.987 38.9 1.05 
129 0.0 5521 9.04 .86 .14 0.985 38.8 1.07 
203 0.0 6269 13.88 .88 .17 0.996 39.2 3.28 
202 0.0 6021 14.27 .89 .15 1.011 39.8 3.31 
300 0.0 6685 21.19 .87 .14 0.983 39.7 8.07 
299 0.0 6594 21.32 .87 .14 0.987 38.9 8.34 
363 0.0 6868 24.40 .84 .15 0.978 38.5 12.40 
361 0.0 6797 24.71 .86 .15 0.984 38.7 11.85 
123 0.6 5442 8.98 .88 .13 1.009 39.7 0.63 
124 0.6 5371 9.07 .88 .12 1.012 39.9 0.69 
193 0.6 5975 14.28 .87 .11 0.991 39.0 3.23 
193 0.6 5911 14.28 .86 .10 0.992 39.1 2.96 
294 0.6 6138 21.10 .84 .10 0.987 38.9 6.50 
296 0.6 6053 21.04 .84 .10 0.997 39.3 6.95 
370 0.6 6572 23.67 .81 .15 0.988 38.9 12.81 
371 0.6 6719 23.69 .81 .15 0.988 38.9 12.80 
122 1.1 4458 8.92 .87 .11 1.001 39.4 0.69 
122 1.1 4379 8.91 .85 .10 1.003 39.5 0.67 
196 1.1 5490 13.87 .85 .12 1.002 39.5 2.78 
195 1.1 5549 13.91 .85 .12 1.004 39.5 3.06 
300 1.1 6074 20.46 .84 .14 1.001 39.4 7.42 
299 1.1 6033 20.46 .84 .14 1.004 39.6 6.50 
371 1.1 6814 23.96 .82 .15 0.978 38.5 11.82 
367 1.1 6592 24.18 .83 .15 0.986 38.8 11.98 
364 1.1 6741 24.38 .84 .15 0.987 38.9 11.43 
128 2.4 3882 9.28 .84 .09 1.035 40.2 1.00 
129 2.4 3921 9.28 .84 .09 1.033 40.6 0.99 
203 2.4 5184 14.10 .83 .10 1.027 40.4 3.08 
198 2.4 5329 13.95 .84 .11 1.028 40.4 2.95 
198 2.4 5396 13.92 .84 .11 1.027 40.4 2.88 
198 2.4 5464 13.79 .84 .11 1.025 40.3 2.75 
299 2.4 5862 20.09 .82 .12 1.007 39.7 6.68 
300 2.4 5805 20.02 .82 .13 1.007 39.7 6.91 
374 2.4 6143 25.73 .84 .12 1.023 40.2 10.83 
374 2.4 6170 25.71 .84 .13 1.022 40.2 10.97 
321 
Table C.8 (Continued) 




m/ % % MPa C kPa 
118 5.0 3535 8.08 .83 .12 1.009 39.7 0.31 
119 5.0 3461 8.08 .82 .11 1.008 39.7 0.34 
203 5.0 5146 14.25 .83 .10 1.014 39.9 3.32 
204 5.0 5191 14.28 .83 .10 1.014 40.0 3.28 
303 5.0 5520 20.52 .83 .13 1.011 39.8 7.88 
304 5.0 5521 20.74 .83 .12 1.015 40.0 7.33 
368 5.0 5954 24.84 .83 .13 1.002 39.5 12.05 
368 5.0 5893 24.86 .84 .14 1.005 39.6 12.40 
366 5.0 5854 24.86 .84 .14 1.008 39.7 12.55 
Table C.9: Smooth tube evaporation data for mixtures of HFC-134a and a 150 SUS 
ester-b lubricant 
G % Oil h q//  Xin Xout P Tsat A P 
_ks 
wra 
% w kW 
"7,2 % % MPa C kPa 
128 0.0 2320 10.44 .10 .85 0.301 0.8 6.16 
130 0.0 2339 10.44 .10 .84 0.301 0.8 6.18 
191 0.0 3234 15.04 .08 .81 0.306 1.3 12.29 
188 0.0 3203 14.58 .08 .80 0.307 1.4 11.74 
294 0.0 4417 23.71 .09 .84 0.304 1.1 27.45 
290 0.0 4344 24.21 .10 .87 0.298 0.5 26.44 
365 0.0 5080 27.67 .11 .81 0.307 1.3 39.57 
360 0.0 5061 28.56 .12 .85 0.302 0.9 40.01 
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Table C.9 (Continued) 
G % OU h q" Xin Xout P Tsat A ? 
Jça % kW % % MPa C kPa 
116 1.1 2063 9.57 .13 .89 0.306 1.2 5.26 
119 1.1 2055 9.80 .13 .88 0.304 1.1 5.32 
198 1.1 3145 15.70 .07 .80 0.308 1.4 12.92 
198 1.1 3220 15.88 .07 .82 0.301 0.8 12.88 
289 1.1 4201 22.84 .09 .81 0.304 1.1 25.68 
285 1.1 4278 23.08 .09 .83 0.296 0.4 26.44 
358 1.1 4888 26.85 .15 .84 0.308 1.5 42.74 
364 1.1 4884 26.83 .14 .82 0.311 1.6 42.42 
128 2.4 2285 9.92 .10 .81 0.306 1.3 7.39 
127 2.4 2230 10.53 .11 .87 0.294 0.2 8.34 
193 2.4 3357 14.71 .10 .81 0.310 1.6 14.59 
194 2.4 3262 15.06 .08 .79 0.303 1.0 14.04 
305 2.4 4685 22.93 .12 .81 0.297 0.4 34.66 
304 2.4 4721 23.43 .12 .83 0.291 0.0 35.15 
301 2.4 4519 24.00 .12 .85 0.285 -0.7 36.57 
353 2.4 5194 26.03 .13 .82 0.313 1.9 43.83 
366 2.4 5360 25.71 .14 .79 0.316 2.2 44.53 
359 2.4 5075 26.77 .12 .81 0.304 1.1 45.15 
132 5.0 2250 10.19 .09 .81 0.302 0.9 9.00 
122 5.0 1856 10.04 .11 .87 0.301 0.8 9.70 
192 5.0 2023 14.86 .12 .84 0.293 0.2 21.70 
194 5.0 1876 14.56 .12 .82 0.295 0.3 21.48 
196 5.0 1944 14.49 .12 .80 0.301 0.8 20.49 
289 5.0 3305 22.68 .13 .85 0.305 1.1 40.05 
285 5.0 3203 22.68 .13 .86 0.306 1.3 40.71 
361 5.0 3864 28.77 .13 .87 0.318 2.3 56.34 
368 5.0 3634 28.41 .12 .84 0.319 2.4 54.54 
368 5.0 3756 28.30 .12 .84 0.325 2.9 53.43 
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Table G.10: Micro-fin tube evaporation data for mixtures of HFC-134a and a 150 
SUS ester-b lubricant 
G %Oil h q" Xin Xout P Tsat A P 
_ka % W 
m^C. 
kW % % MPa G kPa 
129 0.0 4579 12.08 .07 .87 0.294 0.2 6.42 
128 0.0 4679 12.21 .07 .88 0.290 0.0 6.73 
202 0.0 6111 18.76 .07 .86 0.290 0.0 16.23 
203 0.0 5997 18.52 .07 .85 0.290 0.0 15.01 
292 0.0 7097 25.65 .09 .84 0.294 0.3 30.20 
285 0.0 7144 26.41 .08 .87 0.299 0.7 29.11 
293 0.0 7107 25.73 .08 .83 0.292 0.2 30.92 
360 0.0 7427 31.95 .08 .84 0.328 3.1 40.34 
364 0.0 7634 31.42 .08 .82 0.328 3.1 39.62 
128 4211 10.75 .12 .84 0.304 1.1 5.68 
125 4137 11.19 .14 .89 0.296 0.4 6.31 
202 5482 17.10 .09 .82 0.304 1.0 14.45 
308 6589 26.62 .08 . .82 0.302 0.9 32.30 
301 6874 26.77 .09 .85 0.302 0.9 32.53 
354 7072 31.14 .10 .86 0.324 2.8 43.13 
358 7427 31.65 .09 .86 0.322 2.6 41.68 
117 2.4 3871 10.70 .11 .89 0.303 1.0 6.27 
118 2.4 3855 10.52 .11 .87 0.305 1.1 6.56 
207 2.4 5082 18.48 .08 .85 0.303 1.0 18.29 
209 2.4 4891 18.44 .08 .84 0.303 1.0 18.23 
286 2.4 6566 25.00 .10 .85 0.299 0.7 33.81 
298 2.4 6768 24.90 .09 .81 0.302 0.9 33.32 
357 2.4 7303 28.28 .13 .81 0.309 1.5 48.51 
377 2.4 7393 28.78 .12 .78 0.309 1.5 51.15 
125 5.0 3466 10.81 .09 .84 0.302 0.9 7.75 
127 5.0 3481 11.17 .10 .85 0.301 0.8 8.84 
221 5.0 5353 19.13 .11 .85 0.310 1.6 22.82 
222 5.0 5454 19.04 .11 .84 0.312 1.8 22.27 
289 5.0 6603 24.27 .11 .83 0.312 1.7 34.95 
288 5.0 6697 24.46 .11 .84 0.310 1.6 36.45 
347 5.0 7122 28.33 .10 .81 0.320 2.5 45.05 
346 5.0 7436 28.20 .11 .81 0.324 2.8 44.86 
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Table C.ll: Smooth tube condensation data for mixtures of HFC-134a and a 150 
SUS ester-b lubricant 
G % Oil h q / f  Xin Xout P Tsat A P 
te 
m/.9 % w m/C m/ % % MPa C kPa 
131 0.0 1925 8.27 .83 .12 1.047 41.1 0.64 
132 0.0 1932 8.29 .83 .12 1.044 41.0 0.66 
197 0.0 2249 11.81 .83 .16 1.028 40.4 1.59 
197 0.0 2221 11.89 .83 .15 1.032 40.5 1.80 
300 0.0 2662 19.05 .81 .10 1.025 40.3 4.46 
300 0.0 2679 19.12 .82 .10 1.027 40.4 4.54 
370 0.0 3153 24.54 .86 .12 1.028 40.4 7.21 
370 0.0 3149 24.35 .86 .12 1.023 40.2 7.57 
132 1902 8.62 .84 .10 1.046 41.1 0.63 
132 1875 8.59 .83 .10 1.040 40.8 0.63 
202 2237 12.94 .84 .13 1.016 40.0 1.94 
204 2212 13.04 .82 .11 1.022 40.2 2.07 
300 2655 18.62 .82 .13 1.013 39.9 5.15 
301 2672 18.57 .83 .14 1.011 39.8 5.32 
380 3145 25.97 .88 .11 1.037 40.7 7.96 
382 3105 25.82 .87 .10 1.037 40.7 7.94 
121 2.4 1763 7.72 .86 .14 1.049 41.1 0.58 
123 2.4 1757 7.66 .84 .14 1.042 40.9 0.67 
208 2.4 2035 13.97 .83 .08 1.027 40.4 1.97 
206 2.4 2021 13.89 .84 .09 1.021 40.2 1.94 
310 2.4 2516 19.87 .83 .10 1.042 40.9 5.02 
308 2.4 2506 19.86 .83 .11 1.038 40.8 4.50 
371 2.4 2882 23.37 .82 .12 1.014 39.9 7.21 
371 2.4 2905 23.34 .83 .13 1.008 39.7 7.18 
127 5.0 1714 8.13 .81 .10 1.002 39.5 0.76 
128 5.0 1719 8.14 .81 .10 1.005 39.6 0.77 
202 5.0 1936 13.97 .87 .08 1.055 41.4 1.91 
203 5.0 1938 13.91 .86 .08 1.053 41.3 1.91 
299 5.0 2410 19.22 .83 .11 1.015 40.0 5.00 
300 5.0 2410 19.34 .83 .11 1.021 40.2 4jW 
367 5.0 2904 22.16 .82 .15 0.988 38.9 &25 
367 5.0 2835 22.69 .83 .13 1.005 39.6 7.85 
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Table C.12; Micro-fin tube condensation data for mixtures of HFC-134a and a 150 
SUS ester-b lubricant 
G % Oil h q// Xin Xout P Tsat A P 
_ka 
m A S % 
kW 
rn^ 
% % MPa C kPa 
126 0.0 5386 8.94 .84 .10 1.031 40.5 1.12 
125 0.0 5355 9.11 .87 .11 1.040 40.8 1.14 
201 0.0 5900 14.36 .84 .09 1.033 40.6 3.45 
197 0.0 6086 14.38 .85 .10 1.031 40.5 3.00 
302 0.0 6625 20.02 .81 .12 1.042 40.8 6.87 
302 0.0 6584 19.77 .81 .13 1.038 40.8 6.90 
369 0.0 6872 25.29 .84 .13 1.028 40.4 10.99 
368 0.0 6857 25.02 .84 .13 1.021 40.1 11.97 
125 5260 8.60 .81 .09 1.012 40.2 0.73 
125 5222 8.63 .82 .10 1.020 40.1 0.73 
200 5934 13.96 .80 .08 1.018 40.1 2.71 
206 5929 13.57 .78 .09 1.014 40.0 2.99 
302 6292 21.52 .85 .11 1.022 40.2 7.48 
297 6351 21.41 .86 .11 1.020 40.1 7.01 
371 6523 27.10 .86 .10 1.042 40.9 10.31 
370 6531 26,78 .86 .10 1.032 40.5 10.54 
131 2.4 5291 9.12 .84 .11 1.016 40.0 1.39 
130 2.4 5279 9.11 .85 .12 1.017 40.1 1.45 
204 2.4 5837 14.22 .83 .11 1.004 39.5 3.39 
209 2.4 5845 14.03 .81 .11 1.001 39.4 3.83 
206 2.4 6075 14.10 .83 .12 1.001 39.4 3.85 
298 2.4 6139 20.36 .83 .12 1.031 40.5 6.89 
297 2.4 6163 20.26 .83 .12 1.028 40.4 7.10 
367 2.4 6393 26.12 .85 .11 1.025 40.3 11.53 
374 2.4 6346 25.75 .83 .11 1.018 40.1 11.65 
122 5.0 4409 8.24 .81 .11 1.013 39.9 0.91 
123 5.0 4366 8.35 .82 .11 1.013 39.9 0.91 
207 5.0 5339 14.02 .80 .10 1.025 40.3 3.29 
207 5.0 5401 13.95 .81 .11 1.022 40.2 3.48 
208 5.0 5274 14.08 .80 .10 1.018 40.1 3.32 
292 5.0 5738 20.57 .83 .10 1.017 40.0 6.59 
292 5.0 5703 20.55 .83 .11 1.011 39.8 6.70 
368 5.0 6153 24.25 .82 .13 1.023 40.2 12.02 
368 5.0 6249 24.10 .82 .14 1.016 40.0 11.93 
365 5.0 6076 23.87 .83 .15 1.013 39.9 12.20 
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Table C.13: Smooth tube evaporation data for mixtures of HFC-134a and a 169 
SUS ester-m lubricant in a 12.7 mm outside diameter tube 




% % MPa C kPa 
82 0.0 1397 9.05 .09 .83 0.305 1.1 2.42 
82 0.0 1338 8.17 .09 .76 0.314 2.0 2.03 
121 0.0 1959 12.34 .11 .79 0.316 2.1 5.02 
120 0.0 2118 13.25 .12 .86 0.309 1.5 5.66 
199 0.0 3179 23.05 .09 .87 0.315 2.0 15.57 
205 0.0 3187 23.33 .08 .84 0.314 1.9 16.75 
246 0.0 3768 29.58 .06 .87 0.319 2.4 23.30 
267 0.0 3720 29.35 .04 .79 0.318 2.3 24.19 
91 1.3 1636 9.99 .12 .85 0.306 1.2 3.34 
89 1.3 1604 10.24 .12 .89 0.302 0.9 3.33 
128 1.3 2204 12.76 .11 .78 0.314 2.0 6.49 
124 1.3 2224 13.36 .12 .84 0.304 1.1 7.00 
192 1.3 3000 21.77 .08 .84 0.311 1.7 • 14.76 
193 1.3 2966 22.09 .08 .84 0.305 1.2 15.57 
265 1.3 3873 27.15 .12 .81 0.339 3.9 26.73 
268 1.3 3836 27.03 .11 .79 0.338 3.9 26.73 
88 2.3 1716 9.27 .13 .84 0.313 1.8 3.69 
89 2.3 1733 9.33 .13 .84 0.313 1.9 3.34 
126 2.3 2278 13.95 .10 .85 0.303 1.0 8.09 
126 2.3 2396 13.02 .09 .78 0.317 2.2 8.47 
187 2.3 3385 23.67 .09 .85 0.300 0.7 18.96 
187 2.3 3363 23.61 .09 .85 0.301 0.8 18.96 
242 2.3 3891 27.00 .15 .83 0.354 5.3 26.77 
240 2.3 3898 27.06 .15 .84 0.353 5.1 26.74 
89 4.9 1441 9.73 .12 .84 0.291 0.1 6.83 
88 4.9 1477 9.82 .11 .85 0.291 0.0 6.39 
131 4.9 2143 13.29 .13 .81 0.329 3.2 9.05 
136 4.9 2013 14.11 .12 .82 0.308 1.4 10.65 
136 4.9 2356 13.34 .11 .77 0.319 2.4 8.93 
203 4.9 2303 21.80 .09 .82 0,325 2.8 20.74 
205 4.9 2166 22.39 .10 .83 0.310 1.6 21.76 
205 4.9 2123 22.42 .10 .83 0.309 1.5 21.35 
239 4.9 2351 24.52 .12 .81 0.311 1.6 28.79 
236 4.9 2289 24.32 .13 .82 0.312 1.7 29.41 
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Table C.14: Micro-fin tube evaporation data for mixtures of HFC-134a and a 169 
SUS ester-m lubricant in a 12.7 mm outside diameter tube 




kW % % MPa C kPa 
85 0.0 2997 9.95 .08 .84 0.320 2.4 2.75 
85 0.0 2990 9.64 .08 .81 0.325 2.8 2.58 
129 0.0 3872 14.54 .11 .84 0.312 1.8 7.41 
128 0.0 3778 14.03 .11 .82 0.318 2.3 7.06 
131 0.0 4254 15.15 .12 .87 0.310 1.6 8.75 
133 0.0 4090 14.15 .10 .79 0.323 2.7 7.92 
184 0.0 4667 19.84 .09 .78 0.309 1.5 16.01 
184 0.0 4716 20.24 .08 .79 0.304 1.1 16.05 
245 0.0 5394 26.62 .09 .81 0.361 5.7 25.17 
227 0.0 5115 27.24 .11 .89 0.351 5.0 25.75 
259 0.0 5222 26.56 .08 .75 0.354 5.3 26.04 
83 1.3 2921 9.88 .08 .85 0.310 1.6 2.92 
128 1.3 3804 13.06 .11 .77 0.325 2.8 7.16 
126 1.3 3903 15.07 .12 .89 0.297 0.5 &88 
125 1.3 4158 15.20 .12 .90 0.293 0.3 8.73 
133 1.3 3998 14.33 .09 .79 0.302 0.9 8.69 
200 1.3 4500 22.34 .10 .83 0.316 2.1 20.35 
203 1.3 4536 22.23 .10 .81 0.317 2.2 19.93 
258 1.3 5225 26.73 .11 .78 0.342 4.2 29.28 
260 1.3 5032 26.46 .10 .76 0.343 4.4 29.82 
91 2.3 3362 9.97 .14 .83 0.317 2.2 4.27 
91 2.3 3508 9.83 .14 .82 0.319 2.3 3.96 
131 2.3 4014 16.23 .08 .85 0.313 1.8 9.14 
132 2.3 4093 16.40 .08 .86 0.313 1.8 9.11 
186 2.3 4783 22.24 .10 .84 0.319 2.3 18.84 
185 2.3 4901 22.78 .10 .87 0.317 2.2 19.35 
242 2.3 5383 25.39 .15 .83 0.352 5.0 27.61 
244 2.3 5289 25.30 .14 .82 0.351 5.0 27.95 
84 4.9 2471 9.94 .09 .86 0.322 2.6 2.86 
84 4.9 2225 9.27 .09 .81 0.325 2.9 2.84 
125 4.9 3479 14.76 .10 .86 0.320 2.4 8.96 
126 4.9 3452 15.18 .11 .89 0.313 1.8 9.43 
197 4.9 4508 20.86 .10 .79 0.337 3.8 18.44 
196 4.9 4426 20.55 .11 .80 0.343 4.3 18.47 
238 4.9 4908 2&,28 .11 .89 0.362 5.9 30.93 
236 4.9 4475 28.35 .11 .89 0.358 5.6 30.90 
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Table C.15: Smooth tube condensation data for mixtures of HFC-134a and a 169 
SUS ester-m lubricant mixture in a 12.7 mm outside diameter tube 
G %Oil  h qf f  Xin Xout P Tsat A P 
% W kW % % MPa C kPa 
83 0.0 1633 7.28 .87 .16 1.024 40.3 0.24 
86 0.0 1633 7.02 .82 .16 1.014 40.0 0.35 
124 0.0 1855 10.74 .86 .16 1.025 40.3 0.32 
125 0.0 1858 10.64 .84 .15 1.012 39.9 0.49 
191 0.0 2024 16.54 .82 .12 1.020 40.1 1.04 
192 0.0 2025 16.50 .81 .12 1.021 40.1 0.92 
279 0.0 2498 23.32 .82 .14 1.025 40.3 2.22 
281 0.0 2523 23.39 .82 .15 0.996 39.2 2.10 
89 1.3 1495 8.03 .82 .08 1.026 40.3 0.23 
88 1.3 1486 7.97 .82 .09 1.024 40.3 0.24 
122 1.3 1751 10.66 .84 .12 1.062 41.5 0.46 
123 1.3 1796 10.37 .83 .14 1.048 41.1 0.62 
213 1.3 2082 19.03 .82 .10 1.010 39.8 1.32 
212 1.3 2130 18.84 .83 .11 1.000 39.4 1.24 
300 1.3 2519 25.02 .80 .12 1.000 39.4 2.44 
299 1.3 2552 24.64 .80 .14 0.988 38.9 2.32 
92 2.3 1541 8.24 .82 .09 1.017 40.1 0.36 
92 2.3 1538 8.27 .82 .09 1.021 40.2 0.44 
125 2.3 1729 10.96 .85 .14 1.024 40.3 0.68 
125 2.3 1710 10.97 .84 .13 1.028 40.4 0.74 
202 2.3 1954 17.23 .80 .11 1.011 39.8 1.26 
203 2.3 1932 17.27 .79 .10 1.014 39.9 1.18 
308 2.3 2452 24.51 .80 .15 1.042 40.9 3.09 
306 2.3 2450 24.19 .80 .16 1.032 40.6 3.49 
92 4.9 1457 8.20 .84 .12 0.993 39.1 0.25 
92 4.9 1494 8.34 .84 .11 1.000 39.4 0.35 
125 4.9 1688 10.66 .83 .14 1.002 39.5 0.80 
124 4.9 1644 10.84 .84 .13 1.017 40.0 0.95 
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Table C.16; Micro-fin tube condensation data for HFC-134a/150 SUS ester-m lu­
bricant mixture in a 12.7 mm outside diameter tube 
G %Oil  h q// Xin Xout P Tsat A P 
M- % W 
rrâc 
kW % % MPa C kPa 
89 0.0 3563 8.21 .82 .09 1.052 41.2 0.21 
89 0.0 3795 8.11 .82 .11 1.044 41.0 0.28 
88 0.0 3880 7.98 .83 .12 1.038 40.8 0.13 
122 0.0 4201 10.63 .82 .13 1.060 41.5 0.49 
116 0.0 4388 11.18 .89 .14 1.046 41.0 0.32 
121 0.0 4414 10.52 .84 .16 1.028 40.4 0.47 
195 0.0 4719 15.67 .80 .17 1.052 41.3 1.53 
196 0.0 4765 16.00 .80 .16 1.065 41.7 1.45 
286 0.0 5136 26.53 .80 .07 0.997 39.3 3.13 
284 0.0 5179 27.81 .84 .07 1,019 40.1 3.05 
85 1.3 3442 8.17 .85 .09 1.049 41.2 0.17 
85 1.3 3383 8.19 .85 .09 1.057 41.4 0.19 
127 1.3 4121 11.70 .82 .09 1.041 40.8 0.56 
127 1.3 4216 11.57 .82 .10 1.041 40.9 0.60 
198 1.3 4601 18.40 .85 .12 1.028 40.4 1.75 
199 1.3 4682 18.29 .85 .13 1.024 40.3 1.89 
302 1.3 5117 25.39 .81 .15 0.994 39.1 4.68 
304 1.3 4940 26.00 .80 .13 1.004 39.6 4.31 
306 1.3 4998 25.93 .79 ,14 1.001 39.4 4.23 
84 2.3 3521 8.22 .84 .10 1.068 41.8 0.16 
84 2.3 3467 8.14 .84 .11 1.055 41.3 0.14 
122 2.3 4287 11.48 .83 .12 1.056 41.4 0.63 
127 2.3 4349 11.89 .82 .11 1.020 40.1 0.74 
203 2.3 4502 19.73 .81 .07 1.018 40.0 1.99 
201 2.3 4519 19.56 .82 .09 1.015 40.0 2.06 
298 2.3 4809 23.29 .81 .13 1.028 40.4 4.62 
305 2.3 4871 27.16 .78 .10 1.002 39.5 4.79 
307 2.3 4829 27.96 .79 .10 1.017 40.0 5.06 
94 4.9 3481 9.47 .85 .07 1.000 39.4 0.27 
93 4.9 3438 9.31 .86 .08 0.993 39.1 0.33 
127 4.9 4040 13.11 .87 .08 0.997 39.3 0.88 
127 4.9 4049 13.03 .87 .08 0.993 39.1 0.78 
206 4.9 4518 20.10 .85 .09 0.974 38.3 1.72 
289 4.9 4852 26.35 .78 .08 0.974 38.4 3.99 
290 4.9 4640 27.88 .81 .06 1.013 39.9 3.73 
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Table C.17: Smooth tube evaporation data for mixtures of CFC-12 and a 150 SUS 
naphthenic lubricant 




m^C - JT?/ 
% % MPa C kPa 
132 0.0 1768 7.72 .09 .80 0.321 1.1 5.26 
133 0,0 1797 7.62 .09 .79 0.334 2.4 4.26 
133 0.0 1774 7.67 .09 .79 0.330 2.1 4.47 
197 0.0 2305 11.42 .09 .80 0.306 -0.3 10.43 
197 0.0 2263 11.07 .10 .78 0.305 -0.4 10.20 
199 0.0 2277 11.29 .10 .78 0.304 -0.6 10.69 
305 0.0 2973 17.93 .10 .81 0.302 -0.6 27.29 
314 0.0 3149 18.42 .09 .80 0.304 -0.5 24.89 
307 0.0 3142 18.34 .10 .82 0.303 -0.6 25.33 
391 0.0 3600 23.49 .10 .83 0.316 0,7 37.35 
386 0.0 3618 23.58 .11 .84 0.316 0.7 37.77 
130 1.3 1661 8.06 ,08 .83 0.322 1.2 5.24 
131 1.3 1567 8.25 .08 .84 0.321 1.2 6,00 
196 1.3 2205 11.73 ,13 .85 0.305 -0.5 12,96 
199 1.3 2297 11.83 .12 .84 0.308 0.0 13,10 
301 1.3 3267 17.90 ,13 .86 0.324 1.4 27,18 
302 1.3 3224 17.80 ,13 .85 0.323 1.4 26.81 
361 1.3 3683 21.53 .12 .84 0.329 1.9 35.21 
363 1.3 3760 21.49 .12 .84 0.330 2.0 35.30 
361 1.3 3632 21.69 .12 .85 0.326 1.6 35.93 
126 2.4 1535 7.24 .13 .83 0.321 1.2 5.73 
126 2.4 1534 7.07 .13 .81 0.321 1.2 5.76 
201 2.4 2200 12.25 .09 .83 0.306 -0,3 14.84 
200 2.4 2218 11.57 .09 .79 0.323 1.4 12.70 
198 2.4 2213 11.28 .08 .77 0.329 1.9 12.65 
293 2.4 3287 15.73 .13 .79 0.337 2.7 24.89 
307 2.4 3363 16.55 .13 .80 0.329 1.9 27.48 
380 2.4 3789 21.25 .11 .79 0.319 0.9 39.58 
378 2.4 3765 21.33 .12 .80 0.317 0.7 40.26 
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Table C.17 (Continued) 
G % Oil h q// Xin Xout P Tsat A P 
ka  % W 
m'^n 
kW % % MPa C kPa 
136 4.9 1448 8.01 .08 .80 0.326 1.7 7.35 
135 4.9 1409 8.15 .09 .82 0.325 1.5 7.58 
201 4.9 1730 11.27 .09 .78 0.334 2.4 14.42 
197 4.9 1668 11.40 .10 .80 0.330 2.0 14.87 
210 4.9 1852 11.78 .08 .76 0.333 2.3 15.54 
287 4.9 2421 16.68 .15 .85 0.334 2.4 31.55 
282 4.9 2199 16.76 .15 .87 0.330 2.1 31.63 
373 4.9 3394 19.87 .13 .78 0.341 3.0 39.45 
358 4.9 3117 19.68 .14 .81 0.335 2.5 39.72 
361 4.9 3373 20.13 .13 .81 0.337 2.7 40.22 
Table C.18: Micro-fin tube evaporation data for mixtures of CFC-12 and a 150 SUS 
naphthenic lubricant 
G % Oil h q// Xin Xout P Tsat A P 
h 
m^.s 
% w kW 977.2 % % MPa C kPa 
124 0.0 3300 8.08 .09 .82 0.327 1.8 4.90 
125 0.0 3041 7.79 .09 .79 0.325 1.6 4.95 
131 0.0 3516 8.49 .09 .81 0.317 0.8 5.15 
203 0.0 4448 13.39 .09 .83 0.321 1.2 12.30 
202 0.0 4528 13.32 .10 .84 0.324 1.4 12.85 
308 0.0 5294 20.29 .08 .81 0.310 0.1 26.62 
304 0.0 5370 20.43 .07 .83 0.310 0.1 26.71 
358 0.0 5780 23.00 .11 .82 0.334 2.4 35.55 
361 0.0 5771 22.61 .11 .82 0.334 2.4 36.15 
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Table C.18 (Continued) 
G % Oil h qt f  Xin Xout P Tsat A P 
Jg 
wrs 
% W kW % % MPa C kPa 
126 1.3 3164 8.03 .10 .82 0.341 3.0 4.59 
126 1.3 2959 8.34 .10 .84 0.310 0.2 5.67 
126 1.3 3048 8.28 .09 .83 0.310 0.1 5.49 
202 1.3 4084 12.73 .11 .82 0.310 0.1 13.90 
207 1.3 4204 12.71 .09 .78 0.335 2.5 12.27 
205 1.3 4154 14.10 .07 .84 0.325 1.6 13.12 
309 1.3 5203 19.85 .09 .81 0.316 0.6 28.46 
309 1.3 5115 20.43 .07 .81 0.311 0.2 27.43 
376 1.3 5636 23.64 .09 .80 0.327 1.8 40.26 
382 1.3 5781 23.85 .09 .80 0.326 1.7 40,36 
127 2.4 2789 7.74 .10 .78 0.317 0.8 5.26 
127 2,4 2715 7.86 .09 .80 0.315 0.6 5.71 
208 2.4 3682 13.49 .08 .80 0.314 0.5 14.69 
203 2.4 3664 12.96 .08 .80 0.333 2.3 12.87 
310 2.4 4984 19.17 .10 .79 0.325 1.6 29.20 
303 2.4 4977 18.90 .10 .81 0.328 1.8 28.57 
368 2.4 5490 22.96 .09 .80 0.332 2.2 38.50 
366 2.4 5419 22.61 .10 .80 0.337 2.6 37.18 
128 4.9 2015 8.40 .09 .83 0.332 2.2 6.62 
210 4.9 2221 13.37 .07 .79 0.327 1.7 17.31 
212 4.9 2319 13.50 .07 .79 0.327 1.7 17.43 
300 4.9 2860 18.84 .08 .79 0.311 0.2 34.44 
298 4.9 2836 18.95 .09 .80 0.311 0.2 36.07 
366 4.9 4711 22.39 .09 .78 0.336 2.6 40.57 
366 4.9 4936 22.12 .10 .79 0.334 2.4 40.73 
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Table C.19: Smooth tube condensation data for mixtures of CFC-12 and a 150 SUS 
naphthenic lubricant 
G %Oil  h q f f  Xin Xout P Tsat A P 
_kg  % W kW 
rn^ 
% % MPa C kPa 
134 0.0 1545 6.78 .83 .10 0.982 40.9 0.50 
134 0.0 1535 7.13 .83 .08 0.943 39.3 0.20 
134 0.0 1547 7.14 .84 .08 0.943 39.3 0.33 
211 0.0 1780 11.13 .80 .05 0.958 40.0 1.85 
211 0.0 1781 11.14 .81 .06 0.962 40.1 1.80 
305 0.0 2094 15.90 .83 .09 0.962 40.1 3.79 
305 0.0 2110 15.81 .84 .10 0.957 39.9 3.76 
307 0.0 2047 16.22 .82 .07 0.974 40.6 3.30 
374 0.0 2372 17.85 .80 .13 0.934 38.9 6.17 
373 0.0 2336 17.97 .81 .13 0.940 39.2 6.89 
129 1.3 1475 6.42 .78 .08 0.943 39.3 0.67 
129 1.3 1480 6.38 .78 .08 0.940 39.2 0.80 
208 1.3 1625 11.27 .83 .06 0.941 39.2 1.89 
208 1.3 1617 11.18 .82 .06 0.938 39.1 1.45 
293 1.3 1934 15.02 .83 .10 0.947 39.5 3.41 
294 1.3 1963 15.00 .82 .10 0.944 39.4 3.20 
367 1.3 2293 18.58 .81 .09 0.942 39.3 6.24 
367 1.3 2250 18.65 .81 .09 0.942 39.3 6.12 
130 2.4 1350 6.74 .82 .09 0.937 39.0 0.37 
129 2.4 1450 6,73 .83 .09 0.935 39.0 0.39 
198 2.4 1621 10.65 .85 .09 0.950 39.6 1.47 
197 2.4 1629 10.56 .85 .09 0,950 39.6 1.45 
297 2.4 1987 14.90 .82 .11 0.920 38.3 4.74 
297 2.4 1992 15.00 .82 .11 0.922 38.4 4.60 
368 2.4 2269 18.82 .82 .10 0,942 39.2 6.89 
367 2.4 2249 18.82 .82 .10 0.944 39.3 6.43 
123 4.9 1221 6.25 .81 .09 0.944 39.3 1.31 
123 4.9 1228 6.25 .81 .09 0.940 39.1 1.37 
197 4.9 1553 10.16 .80 .08 0.928 38.7 1.45 
197 4.9 1549 10.10 .80 .08 0.925 38.6 1.48 
303 4.9 1869 15.51 .79 .07 0.918 38.3 4.05 
303 4.9 1876 15.42 .79 .07 0.916 38.2 4.07 
363 4.9 2155 18.31 .82 .11 0.932 38.8 6.07 
371 4.9 2196 18.11 .79 .10 0.926 38.6 6.06 
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Table C.20: Micro-fin tube condensation data for mixtures of CFC-12 and a 150 
SUS naphthenic lubricant 
G %Oil  h q" Xin Xout P Tsat A P 
M- % W W % % MPa C kPa 
117 0.0 4283 6.65 .84 .09 0.959 40.0 .71 
115 0.0 4234 6.71 .86 .09 0.958 39.9 .73 
126 0.0 4321 6.34 .77 .08 0.953 39.7 0.77 
205 0.0 4986 12.31 .87 .08 0.960 40.0 3.00 
205 0.0 4899 12.09 .85 .08 0.955 39.8 3.05 
299 0.0 5106 17.29 .86 .10 0.932 38.9 5.65 
301 0.0 5128 17.23 .84 .09 0.929 38.7 5.57 
302 0.0 5068 17.04 .83 .09 0.927 38.6 5.79 
367 0.0 5399 19.82 .84 .14 0.921 38.4 8.59 
122 1.3 3852 6.50 .81 .11 0.949 39.6 0.76 
123 1.3 3940 6.50 .81 .12 0.953 39.7 0.65 
129 1.3 4153 6.63 .79 .11 0.944 39.4 1.26 
120 1.3 4019 7.00 .87 .10 0.959 39.6 1.14 
207 1.3 4564 11.57 .80 .06 0.952 39.7 2.97 
205 1.3 4600 12.02 .85 .08 0.958 39.2 3.03 
302 1.3 4880 16.89 .81 .08 0.943 39.3 6.38 
295 1.3 4743 17.22 .83 .07 0.949 39.6 6.08 
366 1.3 4965 20.51 .81 .08 0.938 39.1 8.54 
365 1.3 4985 20.53 .82 .08 0.940 39.2 8.70 
130 2.4 3590 7.33 .80 .06 0.939 39.2 0.74 
131 2.4 3628 7.20 .79 .07 0.943 39.3 0.91 
203 2.4 4285 11.57 .82 .07 0.944 39.4 2.76 
205 2.4 4292 11.56 .81 .07 0.946 39.4 2.77 
299 2.4 4601 17.39 .83 .07 0.947 39.5 6.08 
299 2.4 4615 17.42 .84 .07 0.946 39.4 5.99 
382 2.4 4861 21.64 .82 .08 0.928 38.7 10.08 
381 2.4 4955 21.51 .83 .09 0.926 38.6 10.57 
134 4.9 3069 7.45 .81 .08 0.930 38.8 1.12 
134 4.9 3036 7.50 .82 .08 0.932 38.9 0.93 
204 4.9 3900 11.52 .81 .07 0.948 39.5 2.78 
199 4.9 3876 11.40 ,83 .07 0.949 39.5 2.74 
199 4.9 3858 11.40 .83 .07 0.949 39.6 2.72 
296 4.9 4412 16.80 .81 .07 0.938 39.0 6.04 
297 4.9 4432 16.87 .81 .07 0.938 39.1 6.13 
368 4.9 4976 19.87 .81 .11 0.889 37.0 10.93 
368 4.9 4960 19.88 .81 .11 0.890 37.1 11.44 
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Table C.21: Smooth tube evaporation data for mixtures of CFC-12 and a 300 SUS 
naphthenic lubricant 
G % Oil h q f f  Xin Xout P Tsat AP 
M- % W 
m'-^n mA % % MPa C kPa 
132 0.0 1768 7.72 .09 .80 0.321 1.1 5.26 
133 0.0 1797 7.62 .09 .79 0.334 2.4 4.26 
133 0.0 1774 7.67 .09 .79 0.330 2.1 4.47 
197 0.0 2305 11.42 .09 .80 0.306 -0.3 10.43 
197 0.0 2263 11.07 .10 .78 0.305 -0.4 10.20 
199 0.0 2277 11.29 .10 .78 0.304 -0.6 10.69 
305 0.0 2973 17.93 .10 .81 0.302 -0.6 27.29 
314 0.0 3149 18.42 .09 .80 0.304 -0.5 24.89 
307 0.0 3142 18.34 .10 .82 0.303 -0.6 25.33 
391 0.0 3600 23.49 .10 .83 0.316 0.7 37.35 
386 0.0 3618 23.58 .11 .84 0.316 0.7 37.77 
129 1.2 1678 7.57 .08 .79 0.312 0.3 5.18 
127 1.2 1666 7.67 .08 .81 0.311 0.2 4.93 
202 1.2 2398 12.47 .08 .83 0.324 1.4 11.89 
208 1.2 2356 12.59 .07 .81 0.333 2.3 12.51 
304 1.2 3049 17.97 .10 .82 0.324 1.5 25.41 
304 1.2 3149 18.10 .10 .82 0.325 1.6 25.05 
371 1.2 3319 21.79 .09 .81 0.317 0.8 34.91 
373 1.2 3360 21.75 .09 .80 0.319 0.9 34.31 
129 2.4 1479 7.49 .10 .81 0.324 1.4 5.86 
128 2.4 1497 7.56 .10 ,81 0.326 1.6 5.96 
205 2.4 1912 12.49 .09 .83 0.327 1.8 14.15 
206 2.4 1916 12.51 .09 .83 0.327 1.8 15.38 
303 2.4 2475 17.10 .11 .80 0.316 0.7 27.34 
303 2.4 2446 17.23 .11 .80 0.313 0.4 28.39 
375 2.4 2810 21.56 .10 .80 0.305 -0.4 41.11 
371 2.4 2932 22.06 .11 .83 0.303 -0.6 42.22 
127 4.8 1271 7.28 .12 .82 0.330 2.0 6.45 
195 4.8 1194 10.72 .12 .79 0.304 -0.5 18.26 
197 4.8 1452 10.92 .11 .78 0.316 0.7 16.88 
299 4.8 2518 17.57 .14 .85 0.312 0.3 37.31 
297 4.8 2724 17.60 .14 ,85 0.314 0.5 36.46 
295 4.8 2698 17.48 .14 .86 0.314 0.4 36.71 
359 4.8 3079 20.54 .13 .82 0.327 1.7 44.70 
360 4.8 2979 20.58 .13 ,82 0.326 1.6 45.35 
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Table C.22: Micro-fin tube evaporation data for mixtures of CFC-12 and a 300 SUS 
naphthenic lubricant 




m2 % % MPa C kPa 
124 0.0 3300 8.08 .09 .82 0.327 1.8 4.90 
125 0.0 3041 7.79 .09 .79 0.325 1.6 4.95 
131 0.0 3516 8.49 .09 .81 0.317 0.8 5.15 
203 0.0 4448 13.39 .09 .83 0.321 1.2 12.30 
202 0.0 4528 13.32 .10 .84 0.324 1.4 12.85 
308 0.0 5294 20.29 .08 .81 0.310 0.1 26.62 
304 0.0 5370 20.43 .07 .83 0.310 0.1 26.71 
358 0.0 5780 23.00 .11 .82 0.334 2.4 35.55 
361 0.0 5771 22.61 .11 .82 0.334 2.4 36.15 
136 1.2 3097 8.90 .08 .82 0.333 2.3 5.70 
135 1.2 2974 9.13 .08 .85 0.330 2.0 5.94 
202 1.2 3869 14.06 .09 .88 0.320 1.1 13.54 
202 1.2 3427 14.14 .09 .88 0.314 0.5 14.27 
199 1.2 3552 14.27 .09 .89 0.314 0.5 13.77 
299 1.2 4654 19.87 .11 .86 0.307 -0.2 30.85 
302 1.2 4779 19.60 .11 .84 0.311 0.2 30.20 
372 1.2 5284 22.61 .12 .81 0.332 2.2 41.19 
373 1.2 5329 22.52 .12 .80 0.333 2.3 40.08 
130 2.4 2728 8.34 .09 .81 0.331 2.1 5.57 
129 2.4 2842 8.40 .09 .82 0.332 2.2 5.56 
203 2.4 3879 12.64 .10 .80 0.335 2.4 13.51 
201 2.4 3647 13.11 .11 .84 0.326 1.9 14.18 
211 2.4 3826 12.23 .09 .75 0.336 2.6 12.48 
205 2.4 3889 13.06 .10 .82 0.331 2.0 13.73 
307 2.4 4704 20.33 .08 .82 0.312 0.3 29.92 
302 2.4 4716 20.28 .08 .84 0.312 0.3 29.42 
371 2.4 5264 23.31 .12 .83 0.317 0.8 45.16 
382 2.4 5130 23.33 .12 .80 0.317 0.8 44.58 
132 4.8 2059 8.40 .07 .80 0.344 3.2 6.84 
131 4.8 1990 8.50 .07 .81 0.341 3.0 7.15 
204 4.8 2325 12.73 .12 .82 0.338 2.7 17.45 
204 4.8 2348 12.90 .12 .83 0.336 2.6 18.55 
298 4.8 4135 18.92 .11 .82 0.317 0.8 33.78 
298 4.8 3956 18.86 .11 .82 0.316 0.6 34.05 
295 4.8 4127 18.80 .11 .83 0.318 0.9 32.78 
348 4.8 4229 21.52 .10 .80 0.334 2.4 41.09 
351 4.8 4397 21.43 .09 .79 0.338 2.7 39.98 
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Table C.23: Smooth tube condensation data for mixtures of CFC-12 and a 300 BUS 
naphthenic lubricant 




TO,2 % % MPa C kPa 
134 0.0 1545 6.78 .83 .10 0.982 40.9 0.50 
134 0.0 1535 7.13 .83 .08 0.943 39.3 0.20 
134 0.0 1547 7.14 .84 .08 0.943 39.3 0.33 
211 0.0 1780 11.13 .80 .05 0.958 40.0 1.85 
211 0.0 1781 11.14 .81 .06 0.962 40.1 1.80 
305 0.0 2094 15.90 .83 .09 0.962 40.1 3.79 
305 0.0 2110 15.81 .84 .10 0.957 39.9 3.76 
307 0.0 2047 16.22 .82 .07 0.974 40.6 3.30 
374 0.0 2372 17.85 .80 .13 0.934 38.9 6.17 
373 0.0 2336 17.97 .81 .13 0.940 39.2 6.89 
CO 
1.2 1455 7.09 .83 .07 0.966 40.2 0.82 
134 1.2 1441 7.07 .83 .07 0.963 40.2 0.70 
201 1.2 1671 10.34 .82 .09 0.967 40.3 1.80 
200 1.2 1667 10.30 .83 .09 0.965 40.2 1.69 
308 1.2 1970 15.24 .79 .09 0.937 39.1 4.30 
304 1.2 1994 15.16 .80 .09 0.933 38.9 4.82 
372 1.2 2267 17.96 .80 .11 0.937 39.1 6.71 
372 1.2 2324 17.90 .80 .12 0.936 39.0 6.94 
129 2.4 1395 6.64 .82 .09 0.943 39.3 0.53 
129 2.4 1410 6.64 .82 .10 0.943 39.3 0.54 
203 2.4 1604 10.22 .81 .09 0.936 39.0 1.69 
201 2.4 1517 10.57 .83 .08 0.946 39.4 1.55 
296 2.4 1822 15.41 .82 .08 0.934 38.9 3.86 
300 2.4 1832 15.28 .81 .08 0.930 38.7 3.95 
369 2.4 2101 18.31 .79 .09 0.931 38.8 6.30 
371 2.4 2110 18.22 .79 .10 0.930 38.7 6.15 
368 2.4 2193 18.54 .84 .13 0.929 38.7 6.65 
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Table G.23 (Continued) 
G % Oil h q// Xin Xout P Tsat A P 
M- % W 
vnÀn 
W 
m/' % % MPa C kPa 
131 4.8 1256 6.82 .81 .07 0.955 39.8 0.94 
130 4.8 1207 7.00 .82 .06 0.937 39.1 0.91 
131 4.8 1203 6.98 .82 .06 0.936 39.0 0.65 
199 4.8 1467 10.44 .82 .08 0.922 38.4 1.38 
200 4.8 1474 10.37 .81 .08 0.921 38.4 1.43 
197 4.8 1425 10.59 .83 .07 0.930 38.7 1.35 
296 4.8 1719 15.68 .82 .08 0.934 39.9 4.25 
300 4.8 1723 15.69 .82 .07 0.933 38.9 4.30 
296 4.8 1692 15.29 .80 .07 0.928 38.7 3.82 
368 4.8 2030 18.47 .80 .09 0.910 37.9 6.21 
366 4.8 2045 18.42 .81 .10 0.907 37.8 6.39 
Table C.24: Micro-fin tube condensation data for mixtures of CFC-12 and a 300 
SUS naphthenic lubricant 
G %Oil  h q// Xin Xout P Tsat A P 
Jo % w 
rrî^C 
kW % % MPa C kPa 
117 0.0 4283 6.65 .84 .09 0.959 40.0 .71 
115 0.0 4234 6.71 .86 .09 0.958 39.9 .73 
126 0.0 4321 6.34 .77 .08 0.953 39.7 0.77 
205 0.0 4986 12.31 .87 .08 0.960 40.0 3.00 
205 0.0 4899 12.09 .85 .08 0.955 39.8 3.05 
299 0.0 5106 17.29 .86 .10 0.932 38.9 5.65 
301 0.0 5128 17.23 .84 .09 0.929 38.7 5.57 
302 0.0 5068 17.04 .83 .09 0.927 38.6 5.79 
367 0.0 5399 19.82 .84 .14 0.921 38.4 8.59 
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Table C.24 (Continued) 





m!^  % % MPa C kPa 
131 1.2 3581 7.24 .80 .07 0.950 39.6 0.87 
130 1.2 3659 7.18 .80 .08 0.951 39.6 0.89 
203 1.2 4925 11.10 .82 .10 0.956 39.8 2.81 
203 1.2 4985 11.17 .82 .10 0.957 39.9 2.93 
201 1.2 4801 10.57 .79 .10 0.958 39.9 2.67 
201 1.2 4921 10.50 .80 .11 0.959 40.0 2.85 
303 1.2 5068 16.63 .83 .11 0.936 39.0 6.53 
303 1.2 5142 16.67 .83 .11 0.936 39.0 6.72 
375 1.2 5030 20.67 .81 .09 0.930 3&8 10.26 
381 1.2 5111 20.54 .81 .10 0.927 38.7 11.15 
373 1.2 5136 19.68 .81 .12 0.939 39.1 10.41 
375 1.2 5178 19.54 .80 .12 0.937 39.1 10.99 
125 2.4 3943 •7.32 .84 .07 0.937 39.1 0.90 
127 2.4 3959 7.33 .83 .07 0.939 39.1 0.91 
197 2.4 4854 11.26 .83 .08 0.951 39.6 2.81 
198 2.4 4844 11.25 .83 .08 0.950 39.6 2.88 
297 2.4 4927 16.91 .82 .07 0.937 39.1 6.19 
297 2.4 4974 16.45 .81,  .08 0.944 39.3 6.26 
296 2.4 5072 16.27 .81 ,09 0.951 39.7 6.45 
367 2.4 5174 21.11 .83 .07 0.946 39.4 10.76 
382 2.4 5069 21.51 .81 .07 0.943 39.3 9.79 
126 4.8 3053 7.14 .82 .08 0.938 39.1 0.94 
126 4.8 3071 7.13 .82 .08 0.936 39.1 0.97 
199 4.8 4299 11.35 .84 .09 0.921 38.4 3.04 
200 4.8 4338 11.38 .83 .08 0.922 38.4 3.22 
200 4.8 4277 11.67 .83 .08 0.942 39.3 3.03 
206 4.8 4255 11.46 .80 .07 0.947 39.4 2.86 
301 4.8 4699 16.99 .82 .08 0.937 39.0 6.44 
302 4.8 4688 16.91 .82 .09 0.935 39.0 6.50 
370 4.8 4885 20.00 .80 .09 0.917 38.2 10.66 
369 4.8 4952 20.15 .80 .09 0.915 38.1 10.30 
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APPENDIX D. TABULATED SOLUBILITY DATA 
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Table D.l: Solubility data for mixtures of HFC-134a and a 169 SUS ester-m lubri­
cant 
Temp. Pressure Mass fraction Temp. Pressure Mass fraction 
°K kPa lubricant °K kPa lubricant 
263.0 197 0.0 263.0 198 0.0 
268.0 240 0.0 273.0 290 0.0 
273.1 291 0.0 278.1 347 0.0 
283.0 413 0.0 283.4 419 0.0 
288.1 486 0.0 292.8 566 0.0 
293.1 568 0.0 298.0 660 0.0 
303.0 766 0.0 305.1 812 0.0 
308.1 882 0.0 313.5 1022 0.0 
313.5 1024 0.0 318.0 1153 0.0 
323.0 1315 0.0 323.0 1313 0.0 
262.9 197 0.05 268.1 242 0.05 
273.3 293 0.05 278.1 347 0.05 
283.1 411 0.05 288.0 484 0.05 
293.0 567 0.05 297.8 654 0.05 
303.6 770 0.05 308.2 878 0.05 
312.5 987 0.05 318.0 1142 0.05 
323.0 1297 0.05 
262.9 195 0.10 268.1 238 0.10 
273.3 287 0.10 278.1 343 0.10 
283.1 406 0.10 288.0 478 0.10 
293.0 559 0.10 297.8 650 0.10 
303.6 765 0.10 308.2 871 0.10 
312.5 979 0.10 318.0 1134 0.10 
323.0 1289 0.10 
262.9 192 0.15 267.9 233 0.15 
272.9 282 0.15 277.9 339 0.15 
283.2 403 0.15 288.2 475 0.15 
293.1 555 0.15 298.3 651 0.15 
303.0 750 0.15 308.1 862 0.15 
312.8 985 0.15 317.6 1114 0.15 
322.9 1277 0.15 
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Table D.l (Continued) 
Temp. Pressure Mass fraction Temp. Pressure Mass fraction 
°K kPa lubricant °K kPa lubricant 
262.9 191 0.25 267.9 233 0.25 
272.9 281 0.25 277.9 336 0.25 
283.2 399 0.25 288.2 471 0.25 
293.1 549 0.25 298.3 642 0.25 
303.0 742 0.25 308.1 854 0.25 
312.8 972 0.25 317.6 1101 0.25 
322.9 1262 0.25 
278.0 333 0.35 283.0 396 0.35 
293.0 543 0.35 298.1 634 0.35 
303.0 732 0.35 308.2 844 0.35 
312.7 955 0.35 318.0 1097 0.35 
3234.0 1245 0.35 
262.8 185 0.43 267.9 225 0.43 
273.1 272 0.43 277.9 324 0.43 
283.1 385 0.43 288.1 453 0.43 
293.2 530 0.43 298.1 616 0.43 
303.1 713 0.43 307.8 817 0.43 
313.6 953 0.43 317.7 1061 0.43 
322.8 1211 0.43 
263.0 179 0.51 268.0 217 0.51 
272.9 262 0.51 278.0 313 0.51 
283.0 372 0.51 288.1 438 0.51 
293.0 510 0.51 298.1 595 0.51 
303.0 686 0.51 308.2 790 0.51 
312.7 895 0.51 318.0 1027 0.51 
323.0 1163 0.51 
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Table D.2; Solubility data for mixtures of HFC-134a and a 369 SUS ester-m lubri­
cant 
Temp. Pressure Mass fraction Temp. Pressure Mass fraction 
°K kPa lubricant OR kPa lubricant 
263.0 197 0.0 263.0 198 0.0 
268.0 240 0.0 273.0 290 0.0 
273.1 292 0.0 278.1 347 0.0 
283.0 413 0.0 283.4 419 0.0 
288.1 486 0.0 292.8 566 0.0 
293.1 568 0.0 298.0 660 0.0 
303.0 766 0.0 305.1 812 0.0 
308.1 882 0.0 313.5 1022 0.0 
313.5 1024 0.0 318.0 1153 0.0 
323.0 1315 0.0 323.0 1313 0.0 
263.0 196 0.05 263.0 196 0.05 
268.0 238 0.05 273.0 289 0.05 
273.1 289 0.05 278.0 346 0.05 
283.0 410 0.05 283.4 415 0.05 
288.1 482 0.05 292.8 563 0.05 
293.1 565 0.05 298.0 656 0.05 
303.0 762 0.05 305.1 806 0.05 
308.1 875 0.05 313.5 1016 0.05 
313.5 1017 0.05 318.0 1146 0.05 
323.0 1305 0.05 323.0 1302 0.05 
262.8 196 0.10 268.0 239 0.10 
273.0 288 0.10 278.0 345 0.10 
283.1 409 0.10 287.9 477 0.10 
292.8 560 0.10 298.4 663 0.10 
308.3 878 0.10 313.4 1010 0.10 
317.1 1113 0.10 322.8 1292 0.10 
262.8 196 0.15 268.0 238 0.15 
273.0 287 0.15 278.0 343 0.15 
283.1 407 0.15 287.9 475 0.15 
292.8 558 0.15 298.4 655 0.15 
308.3 868 0.15 313.4 1003 0.15 
317.1 1106 0.15 322.8 1285 0.15 
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Table D.2 (Continued) 
Temp. Pressure Mass fraction Temp. Pressure Mass fraction 
°K kPa lubricant °K kPa lubricant 
263.0 195 0.21 268.0 236 0.21 
273.2 286 0.21 278.1 342 0.21 
283.0 407 0.21 288.0 476 0.21 
293.1 555 0.21 298.2 649 0.21 
302.9 749 0.21 307.7 855 0.21 
312.3 969 0.21 317.8 1123 0.21 
32&8 1276 0.21 
263.0 197 0.26 268.0 238 0.26 
273.2 288 0.26 278.1 342 0.26 
283.0 407 0.26 288.0 477 0.26 
293.1 556 0.26 298.2 649 0.26 
302.9 748 0.26 307.7 853 0.26 
312.3 967 0.26 317.8 1119 0.26 
322.8 1274 0.26 
262.8 191 0.35 268.0 234 0.35 
273.0 281 0.35 278.0 337 0.35 
283.0 400 0.35 288.1 470 0.35 
293.1 549 0.35 298.1 639 0.35 
303.0 741 0.35 308.0 854 0.35 
313.0 979 0.35 318.0 1115 0.35 
322.8 1263 0.35 
262.8 189 0.46 268.0 230 0.46 
273.0 278 0.46 278.0 332 0.46 
283.0 393 0.46 288.1 462 0.46 
293.1 539 0.46 298.1 628 0.46 
303.0 726 0.46 308.0 837 0.46 
313.0 960 0.46 318.0 1092 0.46 
322.8 1241 0.46 
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Table D.3: Solubility data for mixtures of CFC-12 and a 150 SUS naphthenic lubri­
cant 
Temp. Pressure Mass fraction Temp. Pressure Mass fraction 
°K kPa lubricant °K kPa lubricant 
262.8 219 0.0 268.1 260 0.0 
273.0 307 0.0 278.0 363 0.0 
283.0 422 0.0 288.2 491 0.0 
293.0 568 0.0 298.3 653 0.0 
303.3 745 0.0 308.3 845 0.0 
313.3 962 0.0 318.2 1087 0.0 
323.1 1220 0.0 
262.8 217 0.05 268.1 257 0.05 
273.0 305 0.05 278.0 359 0.05 
283.0 
00 
0.05 288.2 484 0.05 
293.0 559 0.05 298.3 641 0.05 
303.3 733 0.05 308.3 834 0.05 
313.3 943 0.05 318.2 1064 0.05 
323.1 1197 0.05 
262.9 216 0.10 268.0 256 0.10 
273.1 303 0.10 278.1 355 0.10 
283.0 414 0.10 288.1 478 0.10 
293.1 550 0.10 298.0 631 0.10 
303.1 721 0.10 308.0 817 0.10 
313.0 927 0.10 318.2 1045 0.10 
323.1 1173 0.10 
262.9 207 0.19 268.0 248 0.19 
273.1 294 0.19 278.1 344 0.19 
283.0 401 0.19 288.1 465 0.19 
293.1 536 0.19 298.0 615 0.19 
303.1 703 0.19 307.9 797 0.19 
313.0 904 0.19 318.2 1020 0.19 
323.1 1143 0.19 
262.9 206 0.26 268.0 245 0.26 
273.2 291 0.26 278.1 342 0.26 
283.1 397 0.26 288.2 461 0.26 
293.2 530 0.26 298.2 608 0.26 
303.2 694 0.26 308.3 789 0.26 
313.1 893 0.26 317.9 1004 0.26 
322.9 1126 0.26 
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Table D.3 (Continued) 
Temp. Pressure Mass fraction Temp. Pressure Mass fraction 
°K , kPa lubricant °K kPa lubricant 
262.9 189 0.44 268.0 225 0.44 
273.2 267 0.44 278.1 313 0.44 
283.1 366 0.44 288.2 424 0.44 
293.2 488 0.44 298.2 559 0.44 
303.2 638 0.44 308.3 724 0.44 
313.1 819 0.44 317.9 921 0.44 
322.9 1031 0.44 
Table D.4: Solubility data for mixtures of CFC-12 and a 300 SUS naphthenic lubri­
cant 
Temp. Pressure Mass fraction Temp. Pressure Mass fraction 
°K kPa lubricant °K kPa lubricant 
262.8 218 0.0 268.1 260 0.0 
273.0 307 0.0 278.0 363 0.0 
283.0 422 0.0 288.2 491 0.0 
293.0 568 0.0 298.3 653 0.0 
303.3 745 0.0 308.3 844 0.0 
313.3 962 0.0 318.2 1087 0.0 
323.1 1220 0.0 
263.0 217 0.05 268.1 258 0.05 
273.1 305 0.05 278.1 359 0.05 
283.0 418 0.05 288.1 485 0.05 
293.2 558 0.05 298.0 642 0.05 
302.9 734 0.05 308.0 828 0.05 
313.1 944 0.05 318.0 1064 0.05 
323.0 1196 0.05 
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Table D.4 (Continued) 
Temp. Pressure Mass fraction Temp. Pressure Mass fraction 
OR kPa lubricant °K kPa lubricant 
263.0 216 0.11 268.1 257 0.11 
273.1 303 0.11 278.1 355 0.11 
283.0 413 0.11 288.1 479 0.11 
293.2 552 0.11 298.0 632 0.11 
302.9 723 0.11 308.0 817 0.11 
313.1 928 0.11 318.0 1049 0.11 
323.0 1179 0.11 
263.0 211 0.20 268.1 251 0.20 
273.1 297 0.20 278.1 348 0.20 
283.0 405 0.20 288.1 471 0.20 
293.2 540 0.20 298.0 622 0.20 
302.9 709 0.20 308.0 800 0.20 
313.1 910 0.20 318.0 1025 0.20 
323.0 1152 0.20 
263.0 205 0.30 268.3 245 0.30 
272.9 288 0.30 278.0 340 0.30 
283.1 395 0.30 293.0 528 0.30 
297.9 604 0.30 303.1 692 0.30 
308.3 786 0.30 313.1 888 0.30 
318.0 1001 0.30 322.9 1122 0.30 
263.0 192 0.44 268.3 230 0.44 
272.9 270 0.44 278.0 318 0.44 
283.1 370 0.44 293.0 495 0.44 
297.9 566 0.44 303.1 647 0.44 
308.3 734 0.44 313.1 828 0.44 
318.0 932 0.44 322.9 1043 0.44 
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Table D.5; Solubility data for mixtures of HFC-134a and a 150 SUS ester-b lubricant 
Temp. Pressure Mass fraction Temp. Pressure Mass fraction 
°K kPa lubricant °K kPa lubricant 
262.8 198 0.0 272.9 289 0.0 
283.1 413 0.0 293.0 570 0.0 
303.2 769 0.0 313.4 1020 0.0 
323.2 1317 0.0 
262.9 197 0.08 273.0 288 0.08 
283.1 408 0.08 293.0 563 0.08 
303.0 757 0.08 313.1 1002 0.08 
323.2 1300 0.08 
262.8 194 0.10 273.0 284 0.10 
283.0 406 0.10 293.0 559 0.10 
303.2 755 0.10 313.4 1001 0.10 
323.2 1290 0.10 
263.2 195 0.22 273.2 284 0.22 
283.0 401 0.22 293.2 553 0.22 
303.2 746 0.22 313.3 977 0.22 
322.9 1249 0.22 
273.1 281 0.31 282.9 397 0.31 
293.0 547 0.31 303.0 736 0.31 
313.2 971 0.31 323.3 1260 0.31 
263.2 187 0.44 273.2 273 0.44 
283.0 384 0.44 293.1 530 0.44 
303.1 713 0.44 313.3 935 0.44 
322.9 1201 0.44 
